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FOREWORD 


This  document  is  the  final  report  of  a study  conducted  tor  the  United 
States  Air  Force  under  Contract  F \Jfcl S-7S-C-30!>b , Electromechanical  Actuation 
Feasibility  Study.  The  contract  was  administered  by  the  Air  Force  F I i oht 
Dynamics  Laboratory,  Wr  i aht-Patterson  Air  Force  Base,  Ohio,  to . Daniel  K.  Bird 
tFQ.),  Project  Enaireer.  The  technical  effort,  performed  troM  January  IS,  197S 
to  November  30,  I97j,  was  undertaken  by  AIResearch  hanufactur ino  Company  of 
California.  N-.  Neal  Wood  was  principal  I nvest i qator . 

Rockwell  International,  Los  Anoeles  Aircraft  Division,  contributed  to  this 
study  as  a subcontractor . Mr.  John  E.  Schibler,  Project  tnolneer,  provided 
detailed  analyses,  air  frame  data,  and  actuation  system  consultation  for  the 
fllpht  control  requirements  and  interfaces  based  upon  the  F-100  aircraft. 

This  document  has  been  reviewed  and  approved. 
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DEFINITION  OF  TERMS  ANO  SYMBOLS 


The  following  listing  Is  a summary  of  the  most  pertinent  terms  and  symbols 
used  In  this  report.  An  explanation  of  each  symbol  is  aiso  included  in  the 
text  of  the  report  where  the  symbol  Is  used. 


Term 


Definition 


Back  Iron 


Commutation 


Ef f Iciency 

Electrical  time 
constant 


Mechanical  time 
constant 


No- I oad 
Rotor 

Stal I torque 
Stator 

Toothless  stator 

PM 

PMG 

A 


The  magnetic  conducting  path  located  at  the  outer 
periphery  of  the  stator  used  to  transmit  magnetic 
flux  between  poles. 

A means  by  which  switches  are  turned  on  and  off 
to  control  current  in  an  electric  circuit. 

A ratio  of  power  Input  to  power  output,  f j /Pq - 

The  stator  winding  Inductance  divided  by  the  stator 
winding  resistance.  Expressed  as  t,  sec.  It  Is 
numerically  equal  to  63.2  percent  of  the  time 
required  for  the  current  to  Increase  to  the  final 
value  based  on  a step  Input  chango  In  applied 
voltage,  and  the  rotor  locked. 

The  no-load  velocity  divided  by  the  stall  torque. 
Expressed  as  t,  sec.  It  Is  numerically  eaual  to 
time  required  for  the  speao  to  Increase  to  63.2 
percent  of  the  final  value  based  upon  a given 
step  Input  voltage  change. 

A condition  at  the  (motor  or  actuator’  output 
wherein  there  are  no  aid'ng  or  opposing  static  or 
acceleration  forces. 

The  mechanically  rotating  part  of  the  motor, 
which  can  be  either  a permanent  magnet  or 
electromagnet  design 

Maximum  output  torque,  Ibf-in. 

The  stationary,  outer  part  of  the  motor,  which 
can  be  either  electromagnetic  or  permanent 
magnet  design 

A stator  consisting  of  the  back  iron  magnetic 
flux  path  but  without  the  teeth. 

Permanent  magnet 

Permanent  magnet  generator 

Amp  1 1 tude,  rad  I ans 
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t 

G 
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L 

P 

0 

5 

T 

6 
e 
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Flux  density,  gauss 
Frequency,  Hz 

Gear  ratio  (Input  speed/output  speed) 

Inertia,  Ipf-ln.-sec2 
Reactance,  henries 
Magnetomotive  force 
Powe-,  watts 

Electrical  pc  er  dissipated  as  heat  in  the  motor, 
watts 

Slope  of  torque,  speed  relationship,  rad/sec/ Ibf-in. 
Torque,  Ibf-in. 

Ang  e between  interacting  magnetic  fields 
Velocity,  radians  por  see 

? 

Acceleration,  radians  per  sec 
Time  constant,  sec 
Angular  velocity,  radians 
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1 . i NTRODUCT I ON 
1 . 1 BACKGROUND 

The  development  of  aircraft  primary  flight  control  actuation  systems  over 
the  last  20  to  25  years  has  been  primarily  based  upon  state-of-the-art  hydraul'c 
techniques.  To  keep  pace  with  developing  h igh-performance  aircraft,  alternate 
techniques  for  actuation  of  aircraft  primary  flight  control  surfaces  must  be 
considered.  The  need  to  explore  alternate  actuation  techniques  derives  from 
recent  advances  in  aircraft  control  technology  now  available  for  application  to 
design  problems  such  as: 

• Optimization  of  the  control  surface  hinge-line  location 

• Simplification  of  modifying  actuation  system  characteristics  to 
aircraft  operating  mode  (programmed  rate,  torque,  and  compensation 
networks ) 

• Improved  reliability  through  new  concepts  of  redundancy 

• Decreased  vulnerability  (for  military  aircraft) 

To  evaluate  these  areas  for  providing  Improved  aircraft  flight  control,  the 
flight  dynamics  laboratory  of  Wright  Patterson  Air  Force  Base  granted  a con- 
tract to  AiResearch  Manufacturing  Company  of  California,  a division  of  The 
Garrett  Corporation,  to  study  the  most  recent  electromechanical  hardware 
approaches  to  primary  flight  control  surface  actuation.  E lectromechanlcal 
actuation  designs  are  compatible  with  the  most  advanced  fly-by-wire  and 
control-by-wire  actuation  systems.  Electromechanical  actuation  also  is 
described  as  power -by-wire,  since  airborne  alternators  are  the  power  source. 

This  document  presents  the  results  of  this  study  program. 

Electromechanical  actuation  systems  are  of  particular  interest  because 
of  recent  advances  and  the  availability  of  production  quantities  of  high- 
performance  magnetic  materials;  high-current-capacity,  solid-state  switching 
devices;  and  micro-minature,  solid-state,  digital  compufer/ logic  networks. 
Combining  these  components  in  a flight  control  actuation  system  provides  a 
fast-acting,  adaptive  flight  confrol  servo  with  the  following  features: 

(a)  Rare-earth-coba I t magnet  material  provides  improved  motor  torque 
and  acceleration  capabilities  (compared  to  earlier  alnicc  magnets) 
and  therefore  results  in  weight  and  volume  savings. 
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( b ) dual  power  transistor?  with  the  rapacity  to  handle  high- current  <5Q 
•to  75  a n)  use  simple  circuitry  to  control  actuator  output  lorquu 
and  velocity. 

(c)  high-speed  digital  microprocessors  can  be  programmed  to  function 
primarily  as  a servo  control,  but  also  have  the  capability  to  monitor 
failures  and  isolate  malfunctions,  provide  self-test,  and  mcst 
importantly,  to  be  programmed  to  modify  critical  servo  performance 
character  sties  (gam,  bandwidth,  filter  bandpass)  based  upon  air- 
craft operating  dai a peculiar  to  each  aircraft  maneuver  and  operat- 
ing mode  (altitude,  attitude,  and  speed). 

The  evolution  of  electromechanical  actuation  Is  shown  in  Figure  1, 
whlcn  indicates  application  of  new  technology  to  provide  a direct-drive  servo 
system  approach.  This  offers  advantages  of  high  performance,  predictable 
operation,  simple  hardware,  and  proportional  control. 


EARLIER  SYSTEM  APPROACHES 
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figure  1.  The  Versatility  of  Electromechanical  Actuation  car.  be 
fully  Realized  Through  Recent  Technological  Advances 


1.2  PROGRAM  OBJECTIVES  AND  SCOPE 


This  proqram  was  conducted  by 
under  USAF  contract  to  study  elect 
applied  to  aircraft  primary  flight 
to: 


Ai Research  Manufacturing  Company  of  Cali  torn 
romochanical  (EM)  servoactuat ion  systems  as 
control.  The  major  program  objectives  were 


a 
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(a)  Establish  feasibility  and  advantages  for  EM  primary  flight  control 

(b)  Perform  trade  studies  of  EM  actuation  systems 

(c)  Define  optimum  preliminary  design 

(d)  Fabricate  an  EM  actuation  system  mockup 

To  accomplish  these  objectives,  the  study  was  organized  into  six  discrete 
work  tasks  as  shown  In  Figure  2,  which  depicts  the  relationships  of  these 
tasks.  To  obtain  aircraft  Installation,  performance,  and  operations  data  tor 
use  in  the  actuation  system  studies  and  evaluation,  a subcontract  was  awarded 
to  a major  airframe  manufacturer.  Completion  of  these  tasks  has  lead  to 
planning  for  development  of  an  electromechanical  actuation  system  tor  labora- 
tor  y demon  str  at  I on . 


S • IN.  iu 


Figure  2.  The  10-Month  Program  Comprised  Six  Tasks 
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2.  SUMMARY 

The  feasibility  of  using  electromechanical  actuation  for  primary  flight 
controls  was  determined  by: 

Analysis  cf  aircraft  control  surface  rAqui rements 

Definition  of  candidate  actuation  components 

Tradeoffs  and  selection  of  preferred  approaches 

Design  of  a preliminary  representative  actuation  system 

A baseline  actuation  system  problem  statement  was  developed  ' rom  the  actuation 
system  performance  requirements  for  the  B-b2  rudder  and  elevator;  the  F-100 
aileron,  rudder,  and  elevator;  the  F-15  rudder;  and  the  F--8  rudder.  The 
characteristics  of  the  F-100  and  B-52  aircraft  were  used  to  ( 1 ) evaluate  the 
electromechanical  (EM)  system  concept  In  terms  of  ease  ot  Installation  and 
psrformance  capability,  and  (2)  compare  the  EM  system  to  existinq  actuation 
Systems  in  terms  ot  weight,  reliability,  and  compatibility  wirn  infer  locing 
subsystems . 

Application  of  the  EM  system  approach  to  control  surface  actuation  was 
determined  optimum  from  tradeoffs  conducted  in  the  following  areas: 

• Power  Source  Options — Includes  aircraft  power  source,  power 
distribution,  and  conditioning  for  an  all-electrical  aircraft 
using  EM  flight  control  actuation. 

• Actuator  Drive  Options — Includes  ec  and  dc  electric  motors  and 
analog  and  digital control lers. 

e Actuator  Options — Includes  various  gear  actuator  configurations, 

characteristics  of  devices  for  redundancy  management,  and  mechaniza- 
tion of  load-limit  and/or  gust  relief  for  a control  surface. 

Component  selection  and  optimization  resulted  in  the  preliminary  design 
of  an  EM  system  with  the  following  features: 

» A permanent  magnet  generator,  solid-state  rectifier,  and  270-vdc 
al  urn  I num-concluctor  electric  power  bus  results  in  a weight  savings 
compared  to  conventional  electrical  power  sources  and  distribution 
systems.  Applying  these  concepts  emphasizing  the  new  approach 
anu  flexibility  to  power  generation  and  distribution  which  is  a 
fracture  of  the  al l-electr leal  aircraft. 
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• A digital  microprocessor  tor  servocentrol  logic.  The  programmab I e 
controller  logic  Is  flexible  and  adaptable  to  operation  with  either 

ac  or  dc  motors.  Hatching  the  controller  characteristics  to  the  total 
aircraft  Is  accomplished  by  software  rather  than  nardware  modi t i ca- 
tions. Flexibility  Is  a major  advantage  of  the  microprocessor  over 
conventional  anaiog  servo  circuits. 

• A controller  that  provides  a programmed  current  and  voltage  to  the 
servomotor,  resulting  in  the  optimum  torque  and  rate  at  the  control 
surface  and  the  minimum  power  demand  from  the  electrical  power  source 
and  distribution  system.  The  programmable  controller  may  also  be  used 
to  vary  the  servo  compensation  and  filter  networks  as  functions  of 
aircraft  operating  modes. 


A brushless  dc,  permanent-nagnet  servomotor  using  high-periormanca, 
rare-ear th-coba ! f magnets  in  the  rotor  with  a fast-response,  power 
servo  configuration  that  results  In  high  operating  efficiency  and 
minimum  power  loss  as  heat.  The  Improved  thermal  characteristics  of 
this  inside-out  design  allows  the  motor  to  operate  at  the  required 
3-hp  output  level  continuously.  Brushless  commutation  provides 
long  life  and  flexibility  in  commui at i on  logic.  The  4-in.-dia  dc 
servomotor  has  twice  the  duty  cycle  capability,  lb  capable  ot  17  percent 
higher  acceleration,  and  results  In  a 10  percent  weight  saving  compared 
to  the  equivalent  4-in.-(lia  ac  inuuction  servomotor  oasiyit. 


• A planetary  geared  actuator  operating  as  the  control  Surface  hinge 
results  In  weight  savings  and  provides  Superior  life  and  structural 
stitfness  compc *ed  to  harmonic  drives  or  toroidal  transmissions.  A 
high-efficiency  output  stage  is  used  to  limit  required  power  input. 


• Dual -redundancy  in  per formance-cr i t i ca I areas  provides  reliability 
equivalent  to  existing  redundant  hydraulic  actuat!on  syslems  while 
remaining  weight  competitive. 


• Reduced  weight  using  the  geared  rotary  actuator  as  the  hinge  of  the 
control  surface  to  distribute  structural  loads  more  uniformly  than 
the  single-point  loading  used  in  the  conventional  linear  hydraulic 
actuation  system. 


• Provision  for  bui I t- i n-test , continuous  fault  monitoring,  and 

fault  isolation  circuits  accomplished  by  the  versatility  of  the 
control ler . 


E lectromochan ical  actuation  of  aircraft  control  surfaces  is  feasible, 
practical,  and  can  be  Implemented  using  the  most  recent  advances  in  the 
state-of-the-art  in  magnetic  materials  for  high-performance  servomotors,  high- 
curren f-capac i ty  transistor  switches  for  motor  control,  and  digital  micro- 
processors for  servo  and  redundancy  management  logic. 
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3.  BASELINE  SYSTEM  REQUIREMENTS 

To  maximize  technical  benefit  In  the  areas  expected  to  be  most  favoiable 
to  application  of  eleclromechanlcal  actuation  system  concepts,  certain  study 
constraints  were  applied  as  follows: 

• Primary  flight  control  surface  actuation 

• Structurally  Integrated,  rotary  hinge-line  actuator 

• 3-hp  required  at  surface  (maximum) 

To  present  parametric  data  useful  In  system  analysis  and  to  examine  a 
range  of  applications,  a detailed  baseline  actuation  system  was  derived 
(See  Figure  3).  This  baseline  serves  as  a common  point  of  reference 
throughout  the  report,  including  the  prel I mi  nary  design,  and  Is  used  to 
support  comparisons  and  evaluate  technical  options.  When  analysis  shows 
variations  in  system  configuration  are  required  tc  meet  extremes  of  the 
application  range,  these  special  areas  of  application  are  discussed  in 
detail.  Baseline  system  requirements  are  presented  in  TaDie  1. 


Figure  3.  Generalized  Electromechanical  Actuation  System, 
(Does  not  Include  Redundancy) 
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TABLE  1 
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4 • ACTUATION  SYSTEM  REgjIREMENIS  ANALYS l_S 

This  section  analyzes  the  critical  actuation  performance  requirements 
and  describes  the  impact  of  specific  requirements  upon  the  design  character- 
istics of  a control  surface  servosystem. 

4.1  REQUIREMENTS  REVIEW 

Aircraft  performance  requirements  can  be  translated  Into  control  surface 
actuation  requirements.  The  most  fundamental  of  these  ore  acceleration,  stall 
load,  velocity,  and  stroke.  The  acceleration  capability  Is  generally  a function 
of  the  torque-to- 1 ner 1 1 a ratio.  The  selection  c»f  a gear  ratio  Is  a factor  in 
evaluating  the  motor  torque  In  terms  of  the  equivalent  system  Inertia.  Evalua- 
tion of  the  equivalent  Inertia  Includes  the  terms  tor  the  motor,  geartraln,  and 
control  surface.  The  gear  ratio  also  establishes  the  fundamental  relationships 
of  torque  and  velocity  between  the  control  surface  and  the  motor. 

Based  upon  practical  constraints  of  motor  design,  a low  gear  i oi io  is 
associated  with  high  control  surface  rate  and  acceleration,  but  will  result  In 
low  output  torque.  To  determine  a motor/gear  ratio  combination  that  can  pro- 
vide rotor  acceleration  and  torque  suitable  for  a primary  flight  control  system 
requires  an  optimum  gearing  arrangement  based  upon  the  characteristics  of  tho 
motor  and  the  control  surface,  or  load.  An  additional  aircraft  operating 
parameter  useful  In  evaluating  actuation  requirements  is  duty  cycle. 

Electromechanical  actuation  concepts  can  be  categorized  as  demand 
systems  (I.e.,  systems  that  use  power  only  upon  demand  and  only  In  proportion 
to  the  load  requirements).  Therefore,  the  sizing  and  arrangement  of  components 
In  these  systems  are  affected  by  the  duty  cycle  of  the  applications.  Applica- 
tions requiring  intermittent  operation  (trim  tabs)  will  be  designed  tor 
sustained  load-holding  capability  (including  continuous  stall),  but  tor  relatively 
tew  operating  cycles.  A more  active  control  Surface  (aileron)  will  require  an 
actuation  system  with  relatively  high  cycle  i I te  capability,  but  which  normally 
operates  at  only  10  to  30  percent  of  stall  and  rate  capability. 

4.2  BASELINE  ACTUATION  SYSTEM  PROBLEM  STATEMENT 

The  electromechanical  actuation  system  analyses  and  example  calculations 
presented  in  this  report  were  derived  based  upon  review  of  the  following 
representative  aircraft  actuation  requirements. 

• F-100  aileron,  rudder  and  elevator  (see  Appendix  A) 

• B-52  rudder  and  elevator  (see  Appendix  6) 


y 
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' • I -lb  i uddoi  ( S.  \ppondix  C) 

I 

1 

' #1-8  rudder  (see  Appendix  0) 

| The  per  tor  mance  character  ixtirs  ot  at  least  these  control  surtaxes  satisfy  the 

grcund-rules  of  this  study,  and  are  viable  candidates  for  application  of 
' o I eot romechan i ca I actuation  systems. 

After  review  ot  the  actuation  requirements  tor  each  control  surface,  the 
D-*>2  elevator  was  selected  as  tin?  baseline  problem  statement  because  it  is 
representative  ot  past  and  wxpociod  future  requirements.  The  baseline  problem 
statement  Is  presented  in  lable  2. 

4.3  ANALYSIS  01  ACUtAllON  SYSlpM  ie.  v'J  Ml  Ml  M S 

4.3.1  Acce I or  at  ion 

Her  tor  nonce  roqui romer 's  tor  powqi  sor vosystums  can  be  expressed  by 
r epresent  at  i ons  ot  velocity  and  torque,  figure  t?  shows  this  relationship  tor 
the  baseline  problem  statement.  Curve  0.  the  particu'ar  relationship  ot  torque 
and  speed  between  these  two  design  points  could  take  any  torm  (Curves  A or  C) . 
Special  performance  m.ioht  be  dictated  by  requirements  such  as  high  acceleration 
(torque)  while  operating  at  a substantial  rate.  Ibis  condition  is  shown  in 
Curve  A ot  Kiquro  b,  where  additional  torque  is  available  at  a given  rate 
compared  to  Curves  ti  and  C.  Iho  relationship  expressed  by  curve  A is  similar  to 
I be  parabolic  form  expected  tram  a rum  .mi  it  .xlv.il  ion  system,  while  curve  C is 
more  nearly  a constant -horsopowe-  relationship. 

The  versatility  ot  the  elec  If  oi".ech..n  ical  actuation  approach  discussed  in  this 
reporl  allows  scheduling  ot  tor  quo  and  velocity  to  satisfy  particular'  actuation 
requ i r aments . 

1A81L  i 
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Figure  6.  Cnaracter i zat i on  of  Control 
Surface  Velocity  and  Torque 


To  evaluate  the  dynamic  relationships  and  character i st ics  of  a control 
surface,  the  following  example  is  presented  using  the  appropriate  numerical 
values  fro.ii  the  baseline  problem  statement.  Angular  velocity  of  the  control 
surface  is  determined  by: 

= 2 IT  f 

w = 2 t:  x b = 50.3  rac)/ sec 
and  the  time  constant  by: 

tc  = 1 


= 1 = 0.02  sec 

50.5 


The  time  constant  also  can  be  expressed  as: 


T„  = £ 


~ = ve I oc i ty 
0 acce I erat i on 
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for  the  baseline  problem  statement  where: 

6 = 80  deg/sec  = 1.39  rad/sec; 

1 .39  = 70  rad/sec^ 


e = - 

Tc 


0.02 


For  a sinuosidal  output  operating  into  an  inertial  load  only,  the  peak  amplitude 
at  which  both  velocity  and  acceleration  saturation  occurs  is: 


A - — 


= 1 .39  = 0.027  rad  or  1 .58  deg 

50.3 


or : 


A = - = 

U)C 


70  “ 0.027  rad  or  1.58  deg 

( 50 . 3 )2 


Response  for  other  amplitudes,  with  or  without  concurrent  loads,  can  be 
calculated  using  the  same  relationships.  For  this  example,  the  frequency 
response  is  not  affected  by  changing  the  value  of  the  aerodynamic  load  because 
the  raiio  d/«  remains  constani . Figure  7 shown  1 he  relationship  of  acceleration 
tc  load,  as  defined  by  frequency  response  and  stall  load.  Between  these  two 
points,  the  acceleration  capability  could  take  any  form  (as  shown  for 
Figure  6).  Referring  to  the  baseline  problem  statement  (Curve  B,  Figure  7), 
the  acceleration  is  70  rad/sec^  when  the  actua+or  is  operating  into  the  cpec:- 
tied  inertial  load.  The  control  surface  also  will  have  fo  operate  with  non- 
inertial  loads.  As  the  control  surface  operates  into  other  loads  (such  as 
aerodynamic  and  friction  loads),  the  acceleration  capability  decreases.  The 
curve  marked  A in  both  Figures  6 and  7 shows  an  actuation  system  designed 
to  provide  additional  torque  for  acceleration  loads  compared  to  either  Curves  B 
or  C . 


4.3.2  Gear  Ratio 


An  electric  motor  is  connected  to  the  control  surface  by  gearing  that 
simultaneously  provides  torque  mu  1 1 i p I icat ion  and  speed  reduction.  For  flight 
control  applications,  the  motor  is  used  with  a rather  large  gear  reduction  to 
reduce  the  typical  motor  no~load  speed  of  5000  to  30,000  rpm  to  an  output 
speed  of  10  to  40  rpm  (60  to  240  deg/sec).  The  large  gear  reduction  minimizes 
the  effect  of  load  inertia  on  the  frequency  response  of  the  mo+or . For  typical 
applications,  the  load  inertia  reflected  to  the  motor  shaft  amounts  to  less 
than  10  percent  of  the  molor  inertia,  and  thus  causes  less  than  a 10  percent 
increase  in  the  mechanical  time  constant. 

The  motor  speed  and  torque  and  the  gear  ratio  can  be  selected  to  deliver 
the  peak  control  surface  rate,  torque,  and  acceleration  required.  For  the 
motor  shown  in  Figure  16,  the  output  gearing  to  meet  the  requirements  is 
defined  by  the  following  relationships. 
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Figure  7.  Load  Acceleration  Capability  (operating 
with  Prescribed  Load  Inertia) 


Output  no-load  speed:  motor  no -I  pad  speed 

gear  ratio 

Output  stall  torque  = motor  stall  torque  X gear  ratio  X gear 

ef  f ici ency 


Output  acceleration  = motor  acceleration 

(gear  ratio) 

Jo 

Motor  acceleration  = TV.  - G 


X Eft 

Where  Tn,  = motor  torque 
TQ  = output  torque 
G = gear  ratio 


E.FF  = 
Cased  upon  the 


motor  inertia 
load  inertia 
gear  efficiency 
following  conditions: 


lm  = 1*6 58 


10 


’ ^ I bf- in. -sec 2 
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lL  = 46.6  Ibf-in.-sec2 
1!  - 0.9 
G = 600 

The  effective  load  inertia  reflected  to  the  motor  I? 

I|_  = 46.6  = 0.00014  Ibf-in.-sec2 

1 600T2  i 0.9 

Compared  to  the  motor  rotor  inertia,  lm,  the  load  Inertia  is  seen  as  only  a 9 
percent  Increase  in  effective  rotor  Inertia. 

The  gear  ratio  and  motor  no-load  speed  can  be  selected  to  minimize  power 
(current)  from  the  servo  amplifier.  One  method  Includes  selecting  motor  no-load 
speeds  and  actuator  gear  ratios  such  fhat  no  additional  current  above  that  required 
to  provide  the  desired  output  torque  and  speed  is  needed  to  meet  frequency  response 
(acceleration)  requirements.  Conversely,  no  additional  current  beyond  that  required 
to  meet  frequency  response  requi  re-nents  is  needed  to  provide  the  required 
output  torque  and  rate.  Then  since 

Tm  “ 'm  ® m 

and  motor  acceleration  torque  equals: 

Tm  = tTQ  ~ <TTL  » Tc) 

Sri 


and 


then 


or 


where: 


Om  = eQ  G 


Tro  - (T  TI  4 Ttc?  “ lm  90G 

gp. 


G20o  X V Tq o ~ (Ttl  + tc> 


or  G 


v) 

\ 'm  6 x Tr  / 


1/2 


TTq  is  the  maximum  output  torque,  and  is  the  larger  ct 


1 . 

2(T 

Tl  + Tq)  (load  t concurrenf  load) 

2. 

(stal 1 ) 

3. 

Tr 

( r unn i ng ) 
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0o  = output  acceleration  required  (rad/sec^) 
lm  = motor  rotor  Inertia  ( In I b-sec^) 

"H  = gea-  efficiency 

The  use  of  a cu;  rent  limiter  In  the  servoamp 1 1 f I er  allows  the  motor  to  bo 
operated  In  the  high  efficiency  region  of  tho  torque  speed  curve,  with  the  current 
limited  +o  that  needed  to  provide  the  maximum  output  torque  as  well  as  desired 
motor  acceleration. 

The  theoietlca*  maximum  power  efficiency  o'  the  motor  Is  the  ratio  of  the 
operating  speed  to  no-load  speed.  Therefore,  at  1/2  no-load  speed,  the  maximum 
theoretical  power  efficiency  Is  50  percent.  To  operate  efficiently,  the  motor 
should  run  at  speeds  near  no-load.  This  >s  accomplished  by  designing  a motor  with 
a stall  tjrque  capability  far  in  excess  of  that  required,  and  limiting  the  applied 
current  to  control  torque  output.  The  motor  Is  therefore  operated  at  a fraction 
of  stall  capability,  and  in  a region  near  no-load  speed,  therefore,  the  region 
of  highest  efficiency. 

4.3.3  Motor  Sizing 


Motor  power  output  is  u function  of  voltage  and  current.  To  maintain 
current  at  values  consistent  wifh  low  cost  and  stato-ot-the-art  transistor 
switch  copabilify  (50  amp),  +he  practical  output  power  can  be  related  to 
supply  voltage  as  follows: 

28-v  system,  0 to  1 .0  hp 

56-v  system,  0 to  2.5  hp 

90-v  system,  0 to  5.0  hp 

2 70-v  system,  0 1o  15.0  hp 

To  exceed  these  general  ranges  of  power  values,  the  electronic  amplifier, 
cables,  and  noise  filter  become  too  largo,  and  other  approaches  may  be  prefer- 
able. For  se*vosys+em  requirements  within  this  horsepower  range,  the  cilrect- 
coupled  electric  system  may  offer  significant  advantages  in  terms  of  size, 
weight,  accuracy,  resolution,  and  predictability  of  performance  compared  to 
other  approaches. 

4.3.4  Stroke 


The  control  surface  stroke  capability  is  an  Important  advantage  for  the 
rotary  hinge- line  actuator  compared  to  the  conventional  linear  actuator.  The 
linear  actuator  must  be  designed  (and  the  weight  penalty  accepted)  for  a 
particular  maximum  stroke  required  of  the  output.  The  major  design  parameters 
which  size  a rotary  actuator  are  load,  stiffness,  and  life.  The  rotary  actu- 
ator Is  not  affected  by  t e stroke  requirement  except  for  the  operating  range 
of  the  feedback  mechanism.  This  design  consideration  is  minimal,  however,  aid 
does  not  significantly  affect  the  actuator  weight. 
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4.3.5  Duty  Cycle 

To  Interpret  and  evaluate  control  surface  actuation  duty  cycle  requirements 
tor  a particular  application.  It  Is  helpful  to  compare  the  design  requirements 
to  the  actual  flight  data.  In  Table  3,  the  specification  performance  require- 
ments for  tht  B-52  elevator  actuator  are  summarized.  Flight  simulator  data 
also  are  given.  As  arbitrary  evaluation  criteria,  the  performance  requirement 
and  simulation  data  can  be  compared  using  horsepower.  Based  upon  peak  horse- 
power calculated  using  one-halt  no-load  speed  and  one-halt  stall  torque  (a 
linear  torque  speed  relationship),  the  maximum  required  power  for  the  specified 
performance  Is  2 hp  and  for  the  simulated  flight  is  0.064  hp.  The  resulting 
power  ratio  (average/maximum!,  or  apparent  equivalent  duty  cycle.  Is  therefore 
3.2  percent. 

The  specified  performance  of  control  surfaces  of  the  F-100  is  compared 
in  Table  4 to  documented  performance  data  that  represent  various  operating 
conditions  of  the  aircraft.  Depending  upon  the  specific  operating  mode,  the 
apparent  duty  cycle  can  be  summarized  as  follows: 

Highest  Duty  Cycle — Aileron  during  combat,  86  percent. 

Lowest  Duty  f.vcle — Rudder  dur  iny  op  uise,  0 per  cent . 

The  aileron  and  rudder  experience  a duty  cycle  in  the  range  of  10  to 
20  percent  during  combat,  and  approximately  3 to  7 percent  during  cruise. 

The  flight  control  duly  cycle  is  therefore  a function  of  the  control  surface 
considered  and  the  flight  operating  mode.  High  percentage  duty  cycles  are 
generally  associated  with  short  operating  times,  such  as  shown  tor  combat.  A 
reasonable  duty  cycle  is  therefore  estimated  to  be  20  percent  for  most  flight 
control  surfaces. 
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TABLE  3 

B-52  ELEVATOR  PERFORMANCE 

Specification  Requirements 
80  deg/ sec  rate 
8 Hi 

37,575  ibf-ln.  hinge  moment 
+20  deg  stroke 
Data  from  Simulator* 

*340,000  to  360,000  lb 
Nominal  stroke,  +5  to  -3  deg  grow  weight 

Nominal  hinge  moment  (1000  350  kias 

Ibf-in. ) 

+2  deg  amplitude  500  ft  above  highest 

terrain,  Barksda'e. 

1.25  Hz  minimum 
2.00  Hz  average 
3.33  Hz  maximum 


+4  deg  amp  I i tude 
2 Hz  average 
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F-100  CONTROL  SURFACE  PERFORMANCE 


Condition 

Surface 

Rate,  deg/sec 

Hinge  Moment,  In. -lb 

Power , iip 

Design 

Al leron 

1 1 .5 

152,000 

1 

Requirement 

Stab  1 1 1 zer 

20.0 

500,000 

6.6 

Rudder 

10.0 

4,300 

0.03 

Ground  Checkout 

Max  1 mum 

Al leron 

50 

Inertial  and 

Stab  1 1 1 zer 

20 

friction  only 

Rudder 

50 

F 1 Ignt 

Comb  pt 

Al  leron 

10 

132,000 

0.86 

Stab  1 1 1 zer 

4 

500,000 

1 -32 

Rudder 

1 

4,300 

0 

Crui u; 

A 1 1 eron 

0.2 

60,000 

0.01 

Stab  1 1 1 zer 

0.25 

100,000 

0.02 

Rudder 

0.0 

0 

0.0 

Landing 

Al  leron 

3.55 

10,000 

0.02 

Stab  I 1 i zer 

5.0 

20,000 

0.07 

Rudder 

1 .0 

800 

0.00 

i 


i 

i 


i 


18 


AFFQE-TR-7G-42 


5-  ACTUATION  SYSTEM. STUDIES 


This  section  presents  design  data  used  In  conducting  trade  studies  of 
various  electromechanical  actuation  system  concepts.  Initial  screening  of 
candidate  approaches  Is  used  to  eliminate  marginal  and  low-potential  systems. 
Detailed  characteristics  of  viable  candidates  are  presented  and  used  In 
tradeoff  comparisons.  The  results  of  the  tradeoffs  are  used  to  synthesize 
an  aircraft  actuation  system  and  define  the  preferred  approach  to  control 
surface  actuation.  The  actuation  system  studies  and  options  are  presented 
In  parts  as  fol lows: 

Power  Source — Includes  engine-mounted  electrical  generation  and 
Initial"  "condi  tionlng  equipment. 

Actuation  Drive — Includes  electronic  controller,  power  switching, 
and  servomotor  elements. 

Actuation  Elements — Includes  mechanical  rotary  hinge  3nd  mechaniza- 
Tion  of  redundance . 

Reliability  Considerations — Considers  redundancy  management  for 
■future  h ! gh-per formance  aircraft. 

Aircraft  Actuation  Integration — Evaluates  interrelationships  of 
components  and  summarizes  total  system  characteristics. 

5.1  POWER  SOURCE  OPTIONS 

5.1.1  Initial  Screening 


The  power  tor  control  surface  actuation  of  an  aircraft  such  as  the  F-100 
will  be  in  the  range  of  4 to  10  hp  (peak  for  each  control  surface).  Assuming 
nine  control  surfaces,  the  total  power  required  is  between  36  and  90  hp.  There- 
fore, the  aircraft  electrical  power  source  must  be  sizeo  in  the  aporoximate 
range  between  30  and  70  kw.  A number  of  power  types  can  be  derived  from  the 
basic  power  source  as  shown  in  Figure  8.  A program  ground  rule  Is  use  of  an 
alternator  producing  115/200-vac  power.  Three  principal  options  are  available. 

(a)  Use  of  the  power  at  a constant,  400-Hz,  fixed  frequency,  which 
requires  a constant-speeo  drive  for  the  alternator,  or  a suitable 
power  conditioning  system. 

(b)  Use  of  the  power  at  a variable  frequency,  eliminating  the  weight, 
complexity,  and  unreliability  of  a constant-speed  drive. 

(c)  Converting  the  ac  power  (either  variable  or  fixed  frequency)  to  dc 
using  a rectifier,  allowing  operation  ol  dc  motor  drive  systems. 
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« UHIOHIJ  INlllAl  SCHIININI.  I'wll.Al  ct It  Cl  ION 


Figure  y.  Initial  Screening  of  Power  Options 


Upon  closer  examination,  it  is  apparent  that  operation  of  either  an  ac 
or  a dc  drive  system  requires  that  the  primary  power  be  conditioned  by  adjust- 
ing frequency,  voltage,  or  both  prior  to  use  in  the  electric  motor.  Reference  5. 
Figure  9 shows  the  similarities  of  the  ac  and  dc  motor  drive  systems  in  torms  ot 
requirements  for  the  power  source.  Either  drive  concept  can  function  equally 
well  from  fixed-frequency  ac  or  var i ab I a-trequency  ac  because  ot  the  com- 
monality of  the  dc  link.  Thus,  the  most  iikely  power  sources  for  operation 
of  a drive  system  are  (1)  high-voltage  dc  available  from  rectification  of  a 
115/200-v  alternator  output,  (2)  400-Hz  ac  power,  or  (3)  ac  power  provided  at 
a frequency  dependent  upon  operating  speed. 

3 . 1 . 2 Component  Characteristics 

The  power  source  for  an  electromechanical  actuation  system  comprises  an 
alternator  (with  or  without  a constant  speed  drive),  a rectifier,  and  power 
distribution  lines.  These  components  are  discussed  In  Ihe  following  paragraphs. 

5. 1.2. 1 A I terr.ators 

The  characteristics  of  airborne  alternators  and  permanent  magnet  generators 
are  presented  in  parametric  form  in  Figure  10.  Usually,  the  optimum  magnetic 
configuration  tor  an  alternator  at  any  speed  is  in  the  range  of  six  to  ten  poles. 
Fewer  poles  require  excessive  back  iron  and  end  turn  copper,  and  the  machine  must 
operate  at  relatively  low  electric  loadinq.  A greater  number  ot  poles  permits 
excessive  flux  leakage  between  poles.  Therefore,  the  rated  speed  of  an  alter- 
nator would  be  determined  by 

RPK  = FREQ  X 120/P0LES 
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JCONIROi  110  VARIABLE 
f 1 FRtOUENCY  AND  UOLIAUI 


5 0.5 


hotoh  posh  ion 


t ; .,1.0  Q (Vintrnl  Annroarh  Similarity 


ALTERNATOR  CHARACTERISTICS 

400  Hz;  115  VOLT;  ROTATING  RECTIFIER; 

OIL  COOLED;  6-POLE;  8000  RPt* 


PERMANENT  x I 
MAGNET  GENERATOR' 


a-  0.4 


50  100  150 

POWER,  KVA 

re  10.  Power  Source  Char ac t er I st  I c : 
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The  rotor  tip  speed  parameter  reflects  state-of-the-art  capability. 

Figure  11  shows  the  relationship  of  alternator  specific  weight  to  rotor  tip 
speed,  Projected  advances  in  machine  design  will  reduce  machine  weight  by 
50  pei  cent  by  Increasing  the  tip  speed  from  27b  to  400  tt/sec.  The  permanent 
magnet  generator  (PWG)  uses  a rare-ear 1 h-cobal t rotor  and  a wound  stator;  no 
slip  rings  are  necessary  in  this  design,  because  tne  output  of  the  alternator 
can  be  varied  by  rotor  excitation,  the  alternator  can  provide  two  times  the 
rated  output  tor  very  short  periods  C *>  sec).  However,  the  PMG  provides  a very 
flat  voltage  character  I st I c as  a function  of  current  demand,  without  the  com- 
plexity ot  field  control,  slip  rings,  rotating  rectifiers,  and  associated  com- 
plexities and  unreliabilities. 

5. 1.2. 2 Rect I f I or s 

The  rectification  of  the  primary  power  source  can  be  accomp I I shed  using 
solid-state  devices  manufactured  by  numerous  suppliers  for  similar  airborne 
app 1 I cat  Ions . Parametric  weight  and  volume  characteristics  for  rectifiers 
operating  from  a 3-phase,  llb/200-v  supply  and  providing  output  power  at 
270  vdc  are  presented  In  figure  12. 


ROtOh  T IP  SPEED,  t T/SEC 


figure  11.  Alternator  Char ac ter i st i cs 


22 


AfFDL-TK- 76-42 


1 

/ 

L 

i/  s/ 
v y 

/ / 

/ 

' air-cooled 

EbUlPHfNl  BAY 
RtlUIRLD 

__l 

b !■  K 


,'L  I '.H  t . I J 

I J I 

■|  jl  . ! V ^b 

VOlUHl . Lb  ' N 

Figure  12-  Rectifier  Characteristics 


5.1 .2.3  Electrical  Power  Distribution 

Electrical  power  will  he  distributed  in  the  aircraft  using  a dual  redundant 
bus.  Figure  13  presents  the  specific  weight  of  a 3-phase,  ac , nonredundant 
electrical  bus.  A reference  weighf  for  a 9.5-hp  hydraulic  transmission  line 
Is  Included.  The  apparent  weight  saving  using  an  ac  bus  Is  l to  1 compared  to 
the  hydraulic  line.  Figure  13  also  presents  the  weight  of  a 200-tt~long, 

270-vdc  transmission  lino.  It  results  In  a 30  percent  weiqht  saving  compared 
to  the  ac  power  distribution  bus.  The  use  ot  aluminum  conductors  results  in 
an  approximate  weight  saving  ot  50  percent  compared  to  copper. 

5.1.3  Power  Source  Tradeoffs 

The  power  source  tradeoff  is  a function  of  power  quality  required  by  the 
motor  controller.  Because  of  the  dc  link,  a variable  frequency  from  the 
electrical  generator  is  entirely  suitable  tor  an  actuation  system.  High  quality 
power  for  airborne  electronics  and  communications  systems  can  be  obtained  from 
an  auxiliary  alternator  designed  tor  that  particular  appl:cation.  The  weights 
tor  nonredundant  concepts  to  provide  electrical  po-er  to  the  control  surface 
actuation  subsystems  are  compared  in  Table  5.  As  shown,  the  PMG  is  the 
I Igntest  power  generator.  The  comparison  ol  power  distribution  throughout  the 
aircraft  Is  based  upon  ac  and  <lc  power  buses  using  both  copper  and  aluminum 
conductors.  The  weight  of  a single  rectifier  is  Included  in  the  dc  distribution 
system  configuration.  Since  the  rectifier  is  located  at  the  PMG,  the  dc  motor 
controller  comprises  only  the  control  logic  and  the  required  transistor  switches 
for  commutation.  The  ac  distribution  system  will  require  a rectifier  and  a 
control  at  each  motor  drive  location. 
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POWEH  TRANSMITTED,  HP 


• i a o : - o 15.  Power  Transmission,  Continuous  Duty 
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3.1.4  Power  Source  Selection 

Based  upon  the  component  data  and  the  weight  comparison  of  Table  3,  the 
selected  approach  Is  the  use  of  a PMG  as  the  electrical  source,  a recllfier  to 
provlGe  270-vdc  power,  and  distribution  of  the  power  through  the  aircraft  using 
aluminum  conductors.  The  total  nonredundant  system  welqht  for  the  configuration 
Is  103  It. 

3.2  ACTUATOR  QRIVF  OPTIONS 

Electric  direct-coupled  dc  position  servosys+ems  are  being  considered  for 
o variety  of  new  applications,  including  mls'ile  control  fin  positioning, 
thrus+  vector  nozzle  control,  primary  and  secondary  aircraft  flight  controls, 
valve  positioning,  etc.  The  new  interest  In  this  approach  results  primarily 
from  Increased  power  rating  and  frequency  response  made  possible  b>  the  advent 
of  new  r a^e-ear th-cobal t , permanent  magnet  materials  for  field  exclrlon  of  PV 
servomotors,  coupled  with  advancements  In  transistoi  switching  technology. 

This  seel  Ion  discusses  the  options  of  drive  assemblies  and  the  characteristics 
0>  Individual  components  In  those  assemblies.  A drive  assembly  comprises  a 
motor  and  a controller.  The  controller.  In  turn,  comprises  an  electronic  servo, 
electrical  povc  switching  circuits,  and  any  necessary  feedback  devices. 

5.2.1  initial  Screening 


The  drive  options  for  power-by-w I re  are  summarized  In  Figure  14,  w.ich 
shows  tli at  the  high  voltage  brishless  dc  mo+or  with  a permanent-magnet  rotor 
and  pulse-width  modulation  control  provides  better  performance  thin  elTher 
brush- type  dc  motors  or  stepper  motors.  The  selection  Is  baseo  primarily  upon 
ccns1d£ra+ Ion  of  The  combination  of  iowc-  weight  and  reduced  thermal  design 
problems  associated  with  'he  brushless  dc  motor  drive.  Also  shown  Is  That  the 
prefeirea  ac  motor  drive  Is  the  Induction  motor  with  an  Inverter  thai  provides 
variable  frequency  drive  to  the  motor  as  a function  of  mo+or  shafl  speed.  To 
minimize  losses,  the  voltage  also  Is  programmed  as  a function  of  applied  fre- 
quency (motor  speed). 

3.2.2  Component  Character  1 st I c s 

The-  pertinent  component  characteristics  for  the  candidate  motors  and  con- 
trollers are  discussed  below.  The  basic  requirements  tor  llie  motor  end  control 
are: 

(a)  1 +o  3 hp  pea*  output  capability  In  a 4.0-1n.-dIa  maximum  frame, 
line  typical  fllgnf  control  actuator  problem  statement  requires 
this  power  output  cap  ibl llty  to  drive  the  load  at  the  desired 
rates.  Irrespective  of  frequency  response  requirements.) 

(b)  A frequency  response  capability  of  4 to  16  Hz. 

(c)  Capable  01  maintaining  a 50  percent  duty  cycle  at  a torque  level 
cor resoond I ng  to  that  produced  at  the  peak  output  horsepower  (one- 
half  no-load  rate  jiid  one-ha ! f stall  torque.) 

(di  Capable  Of  providing  static  torque  r r,  accordance  with  a program 
representing  aerodynamic  Irlx  loads. 
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In  support  of  the  Initial  screening  described  above,  a number  of  candidate 
motor  types  were  evaluated.  The  motors  selected  for  evaluation  represent  Types 
that  can  operate  as  part  of  a power  servosystem  and  that  have  the  potential  to 
meet  the  requirements  listed  above.  The  motors  evaluated  are: 

(a)  Permanent  magnet  and  variable-reluctance  stoppers 

(b)  Flex  spline  steppers 

(c)  Variable-frequency,  variable-voltage  induction  motors 

(d)  Rare-earth-cobolt,  permanent-magnet,  brushless  dc  motors 

5.2.2. 1 Permanent  Magnet,  Variable-Reluctance,  and  Flex  Spline  Steppers 

5. 2. 2.1 .1  Power  Output 

Figure  15  shows  typical  torque  speed  and  power  output  curves  for  the 
three-stepper  types  In  the  general  size  range  of  Interest  for  this  require- 
ment. The  data  were  obtained  from  manufacturer's  catalog  literature.  The 
stepper  motors  respono  to  programmed,  pulsed,  dc  voltages,  causing  rotation 
of  the  output.  The  permanent  magnet  CPM)  stepper  comprises  a permanent  magnet 
rotor  and  a wound  stator.  The  PM  unit  otters  holding  or  detent  torque 
capability.  The  var I ab I e-rel uctance  (VR)  stepper  ceslgn  operates  on  the 
reaction  between  an  eiecii  ic  field  generated  in  the  stater  and  a soft  Iron 
toothed  rotor.  The  VR  machine  Is  generally  capable  of  higher  speed  than  the 
PM  design. 


Figure  15.  Power  Capability  of  Stepper  Designs 
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Although  the  relationship  of  digital  (pulsed)  Input  to  discrete  steps  at 
the  output  appear  to  otter  advantages  In  the  area  of  Integration  with  a digital 
control  actuation  system,  the  basic  stepper  designs  are  not  competitive  with 
otner  forms  of  electromagnetic  machines  in  terms  of  providing  both  the  required 
torque  and  the  required  rate.  The  units  are  not  suitable  for  the  application 
because  the  maximum  power  output  capability  Is  about  an  order  of  magnitude 
below  that  required. 

The  flex  spline  stepper  (Reference  6)  Is  a device  that  otters  exceptionally 
high  accele  atlon  capability.  Compared  to  the  PM  and  VR  steppers,  the  flex 
spline  machine  can  provide  output  acceleratlc  is  100  times  greater.  This 
characteristic  Is  not  realized  as  an  advantage,  however,  tor  the  following 
reasons: 

la)  ‘rhe  acceleration  requirements  of  a flight  control  system  can  be  met 
with  stepper  or  conventional  servomotor  componen+s. 

(b)  The  mechanization  of  high  acceleration  results  In  excessive  weight, 
ard  Is  not  capable  of  substantia!  power,  rate,  or  s-Hffness. 

5.2. 2. 2 Rare-Earfh-Ccba It,  Permanent-Magnet,  3rushless  dc  Motor 

Optimization  of  the  number  of  motor  poles  involves  both  the  theoretical 
and  practical  aspects  of  design.  Machine  weight  becomes  excessive  as  the 
number  of  poles  is  reduced  below  six  or  eiqht  because  of  the  increase  In 
back  iron  required  to  ^commodate  the  flux  return  path.  As  the  numoer  of  poles 
Is  increased  above  six  or  eight,  rhe  motor  becomes  lighter,  and  the  winding 
end  losses  become  lower  since  the  ends  constitute  a smaller  percentage  of  the 
total.  Gmail  motors  with  many  poles  can  be  difficult  to  manufacture,  however, 
and  there  is  less  magnet  length  available  to  develop  the  required  air  gap  flux. 
The  motor  staror  Is  wound  for  a three-phase  input.  A two-phase  winding  con- 
figuration results  in  a less  uniform  torque  field  and  approximately  a four 
percent  lower  torque  output  compared  to  e three-phase  machine.  The  three- 
phase  winding,  however,  requires  six  solid-state  switches  compared  to  four 
for  the  two-phase  approach.  Based  upon  these  considerations,  a motor  with 
six  poles  and  a three-phase  stator  winding  was  used  as  the  baseline  design. 


5 . 2 . 2 , 2 . 1 Power  Output 


Figure  16  shows  a typical  performance  curve  for  a rare-earth-cobal t , 
permanent-magne+,  brushless  dc  motor  designed  for  servo  applications.  The 
motor  has  a peak  output,  corresponding  to  maximum  speed  and  current  limit, 
of  6 hp.  The  extremely  high  power  output  or  this  small  unit  results  from 
two  basic  design  features.  First,  the  use  of  rare-earth-cobal t magnets,  which 
offer  high  energy  products,  and  second,  the  arrangement  of  the  magnet  in  the 
rotor  and  using  brushless  commutation  of  +he  coils  in  the  wound  stator  (References 
7 and  8).  This  latter  feature  results  In  improved  thermal  control  of  the  motor. 
The  motor  losses  (copper  losses  in  the  stator)  can  be  readily  transferred  to 
the  motor  casing,  as  compared  to  a wound-rotor  configuration. 
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Figure  16. 


Typical  Motor  Performance 


The  energy  product  relationships  of  currently  available  magnet  materials 
are  presented  In  Figure  17.  As  shown,  the  samar I um-coba 1 t magnets  (SM-CO) 
exhibit  a BFi  product  3 to  4 times  greater  than  Alnico  magnets  (Reference  9); 
the  benefit  derived  from  this  parameter  Is  that  the  Sm-Co  unit  will  provide  the  same 
torque  ana  fas+er  acceleration  than  the  equivalent  Alnico  unit,  but  will  weigh  40 
percent  less  and  will  be  one-half  the  size  of  the  motor  using  the  magnets  with 
the  lower  energy  product.  Recently,  magnet  mater'als  having  energy  products 
In  the  range  of  40  to  50  X 10^  Gauss-Oer steas  have  been  produced  In  labora+ory 
quantities.  As  these  materials  become  commonly  available  for  servomotor  appli- 
cations, they  will  have  the  following  impact  upon  flight  control  servo  actuators. 

(a)  Smaller  rotors,  yielding  faster  response  and  lower  weight 

(b)  New  construction  techniques  and  magner/stator  arrangements  that  will 
reduce  overall  cost.  The  potential  configuration  changes  are  as 

fol lows : 

(1)  Tangential  vs  radial  magnet  arrangements  (See  SW71060,  Section  6). 

(2)  Toothless  stators,  resulting  In  lower  cost  of  manufacture 

(c)  Improved  resistance  to  demagnetization  due  to  high  magnetic  flux  fields 
from  electrical  sources,  lightning,  and  electromagnetic  pulses. 
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Figure  17.  Comparison  of  Magnet  Materials 
‘j.2.2.2.2  Thermal  Capability 

The  motor  is  not  normally  capable  of  operating  continuously  at  stall 
unless  the  motor  is  designed  for  a very  low  speed  and  used  with  little  or  no 
gear  reduction  (a  torquer  design).  However,  a similar  result  can  be  achieved 
without  sacrificing  power  output  capabilitv  by  using  a servoamp I i f ier  with  a 
current-limiting  feature.  Using  a current  limiter,  high  acceleration  and 
rate  performance  can  be  realized  along  with  a stall  capability  adequate  tor 
flight  control  applications,  (see  Section  4). 

5. 2. 2. 3 Ac  Induction  Motor 

The  characterization  of  the  ac  induction  motor  is  based  upon  the  same  set 
of  operating  character i st ics  as  the  dc  brushless.  The  motor  diameter  was  set 
at  4-in.  maximum,  with  a l.b-in.-dia  rotor,  which  is  the  same  as  the  dc  motor 
presented  earlier.  Rotor  inertia  for  a design  using  copper  conductors  and  a 
rotor  length  of  5 in.  was  determined  to  be  0.002167  Ibf-in.-sec2.  The  relation- 
ship of  rotor  geometry  to  critical  speed  is  shown  in  Figure  18.  Because  the 
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bc  motor  Is  designed  as  a servo,  the  time  constant  of  the  motor  Is  low.  For 
commands  requiring  slew  of  the  control  surface,  the  motor  will  be  operating 
at  no-load  speed  for  a short  period  of  time.  The  use  of  first  critical  speed 
as  a criterion  for  rotor  design  Is  therefore  a conservative  approach.  Other 
characteristics  of  the  machine  are  presented  below. 

Load  Inertia  torques 

T|L  " 16 

-j-|L  = (46.31  1 bt- i n.-sec2)  (52.55  rad/sec^)  = 2433  Ibf-in. 

From  the  relationships  of  Section  4,  gear  ratio  (gearbox  efficiency 

* 93  percent): 

G “>/(O.OO^IV(52.55)(0.93i  = 573 

Motor  no-load  speed  at  «*  255  Hz,  four-pole  motor: 

1 -3S6  tff  * 573  9"r  rat,°  x 60  ^ . 

«HHl * a.  r.d/Vcvolutton 7643  r|” 


Maximum  motor  stall  torque  required: 


70.51  Ibt-in.  (assume  72  Ibf-in.  to  allow 
for  motor  internal  mechanical 
losses) 


Establish  current  limit  of  30  amp/phase  during  acceleration: 


Torque/amp 


21 

30 


2.40  Ibf-in. /amp 


Maximum  theoretical  torque/amp  at  0.80  PF  and  7500  rpm  (100  percent 
efficiency),  100  v Is  calculated  as: 


Torque/amp 


(30) ( 1 00  v)(0-8  PF)  x 
(746  ~)  x (7500  rpm) 


I bf-i  ri. 

63025  rad  x min  x HP 


= 2.70  Ibf-in. /amp 

The  power  characteristics  of  the  ac  Induction  motor  are  shown  In  Figure 
19  for  the  condition  of  an  applied  frequency  of  255  Hz  and  100  volts.  This 
torque-speed  plot  shows  a stall  torque  of  approximately  one-half  the  peak 
torque  value.  To  provide  a more  uniform  torque  from  stall  to  near-synchronous 
speed  and  to  limit  rotor  heating  (which  occurs  at  high  slip),  the  motor  Is 
driven  by  a variable  frequency.  The  generator  frequency  Is  a function  of 
motor  speed . Therefore,  the  motor  drive  frequency  Is  continuously  var  able 
from  synchronous  speed  at  full-rated  no-load  speed  down  to  approximately 
10  percent  of  maximum  synchronous  speed. 


32 


AFFOl-TR-76-42 


0.80 1 1 


0 72}  1 


0 64}  1 


~ 0 56  5 1 
i D 

a.  « 

uj  0 48  £ C 


40  I 


u.  0.40}  U.C 


0 20  40  60  80  100  120  140  160 

TCRQUt  - IN.  OZ(X  10*  * 1 ) 

0 12  5 25  0 37  5 50  0 62.5^  75  0 87  5 100  0 

TORQUE  - IN  LB 


Figure  19.  Motor  Power  Characteristics 


Five  selected  torque-speed  curves  from  the  continuously  variable  family 
of  relationships  are  shown  In  Figure  20.  As  frequency  is  adjusted,  so 
is  the  applied  voltage.  Figure  21  shows  the  relationship  of  voltage  and 
slip  to  the  applied  drive  frequency.  Table  6 presents  performance  as 
the  motor  increases  in  speed. 

The  losses  calculated  for  the  ac  machine  are  presented  in  Table  7. 

The  thermal  management  of  electrical  losses  is  the  key  to  servomotor  design. 
Experience  has  shown  that  a temperature  rise  of  175l’F  measured  at  the  end  bell 
is  the  maximum  practical  temperature  rise  for  long  bearing  and  lubricant  life. 
Similarly,  a winding  temperature  of  430°r  is  1 he  maximum  value  tor  state-of- 
the-art  Mi-type  insulations.  Practical  design  experience  shows  these  maximum 
temperature  levels  to  be  experienced  with  a thermal  watt  density  of  2.5  watts 
per  sq  in.  of  total  motor  surface  area  (including  the  end  bells).  The  allowable 
maximum  duty  cycle  o*  high-performance  servomotors  is  therefore  a direct 
function  of  the  cooling  available.  Using  the  aircraft  structure  as  a motor 
heat  sink  will  obviously  extend  the  duty  cycle.  The  use  of  forced  air,  fluid 
cooling,  or  submerged  motor  components  is  not  considered  for  thermal  management. 
The  savings  in  motor  size  and  weight  resulting  from  the  cooling  is  less  than 
the  associated  pumps,  heat  exchangers,  fluid  loops,  and  controls.  Complexity 
of  such  an  approach  also  makes  it  unattractive. 
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Voltage 

F requency , 
Hi 

Current , 
amp 

10 

20 

29.2 

15 

30 

26 

45 

TOO 

26.2 

85 

200 

27 

100 

252 

26.8 

102 

255 

28.5 

1AUIL  0 

AC  INDUCTION  MO I OH  PLRI  OWMANJl  DURING  blAMIUP 


Sc  he  - 

loroue.  Spaed,  Power  dole, 
i L ' - 1 r . '"pm  factor  v/H* 


3 70  0.8 
720  0.8 
2820  0.8 


0.87  0.5 

0.85  0.5 


0.45 


7500  C.7g  0 . 39  7 2. 74 

7450  0.795  C.4  2.75 


Spec  Mif  1 or  Quo, 
i n 1 b/ftmp 

T heoret  ica  I 

Des 1 qn 

5.96 

2.466 

4.56 

2.769 

5.24 

2.75 

2.953 

2.667 

2.  74 

2.50 

2.759 

2.53 
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Voltage 

Frequency , 
Hz 

10 

20 

15 

30 

45 

'00 

85 

200 

100 

252 

102 

255 

AC  INDX1  ION  MOTOR  LObSl  S 


Losses,  watts 


Kotor  Total  S'KAy 

Copper  Co>  e t Stator  Copper) 


509  250  58 

565  180  20 

2501  '80  6 

4925  200  5.5 

626b  260  5.4 

6541  700  2.6 
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I iquros  22  1 hi  ough  24  •j.Iiow  Iht*  results  of  llujrmjl  analyse-,,  of  1 ho 

motor  shown  In  SK71068.  The  analytical  thermal  model  Included  the  heat  sink 
effects  of  the  actuator  and  the  aircraft  structure.  The  thermal  model  of 
the  structure  was  determined  from  a typical  Installation  for  the  F-tOO  aileron. 
The  analysis  Indicates  that  the  actuator  duty  cycle  Is  not  severly  limited 
by  the  environment  except  for  ground  operation  on  a hot  day.  However,  since 
this  condition  represents  a checkout  operation,  the  40  percent  duty  cycle 
limitation  may  not  be  an  ovei — riding  constraint. 


S.fch' 


I iguru  22.  Motor  Thermal  Analysis  tor  MIL  Power  Dash 
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Hgi"o  ,?3.  Thermal  Analysis  Nesults  tor  Parked  Aircraft  on  USAF 
Standard  Hot  Day 
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5 . ?. . ?. . 4 Controller  Cnaracter  i st  i cs 
5 . 2 . 2 . 4 . 1 Servo  Design  Cons i der at i ons 

Servoloops  may  be  analyzed  using  trequency  or  time  domain  analysis  tech- 
niques. For  a frequency  domain  design,  the  specifications  are  usually  given 
by  gain  margin,  phase  margin,  peak  resonance,  and  bandwidth.  These  criteria 
are  related  to  time  domain  specifications  such  as  rise  time,  delay  time, 
setlling  time,  and  overshoot.  Two  common  methods  of  stability  analysis  and 
design  ara  the  bode  diagram  and  the  roof  locus.  The  bode  diagram  Is  a plot 
of  gain  and  phase  shitt  versus  frequency.  It  is  obtained  from  the  loop  trans- 
fer function  by  replacing  S ty  j.-j,  where  w Is  the  angular  frequency  of  exclta- 
+ion.  The  root  locus  is  an  S plane  plot  of  the  locus  of  t ne  poles  of  the 
feedback  transfer  function  as  the  loop  gain  is  increased  from  zero  +o  infinity. 
The  main  advantage  of  the  bode  diagram  is  ease  of  use,  and  of  the  root  locus, 
the  ability  to  closely  estimate  'h<_  loop  time  arc  frequency  responses  directly 
from  the  S -plane  piot. 

A proportional  type  control  system  develops  a correcting  signal  that  is 
proportional  to  the  magnitude  of  the  actuating  signal.  If  the  rate  of  change 
and  magnitude  of  the  error  signal  is  detected,  the  system  is  a proportional 
plus  rate  system.  The  proportional  plus  ra+e  system  may  be  realized  with  a 
simnle  lead  network.  The  main  ad  antc-ges  of  this  system  are  fas+er  response 
and  high  accuracy.  A proportional  plus  integral  compensating  network  may  be 
a more  desirable  system,  and  can  be  realized  by  using  a lag  network.  This 
syiteii'.  -ill  produce  o feedback  network  with  high  accuracy. 

The  steady-state  < > ■ ot  the  feedback  control  system  may  be  determined 
by  computing  the  nositi-.  , velocity,  and  acceleration  error  constants.  The 
errur  constant  is  defined  a-'  the  desired  output  di-ided  by  the  steady-state 
error.  The  steady-state  error  is  the  error  in  displacement  at  the  servo  loop 
output  due  to  a step,  ramp,  or  acceleration  input.  It  a pure  time  I aq  exis+s 
i ri  a servosystem,  the  output  wi I i not  begin  to  respond  to  a transienf  inpuf 
until  after  a given  time  interval.  Because  of  the  time  lag  effect,  the  trans- 
fer function  of  the  system  is  riot  a quotient  of  polynomials:  it  consists  of 
the  term  e_TS  where  T denotes  the  t:,ne  lag  or  transportation  lag.  for  a 
servolocp  w th  transport  delay,  the  compensation  network  may  be  designed 
wit1"  two  parts,  the  first  part  to  cancel  the  effects  ot  e-TS  and  the  second 
pat  uo  equalize  the  controlled  systom  without  delay. 

The  servo  techniques  discussed  above  can  be  used  with  Doth  analog  and 
digital  controUer  systems.  For  an  analog  system,  the  input-output  relation 
of  both  parts  ot  the  system  can  be  described  and  analyzed  with  the  Laplace 
transform  and  the  bode  diagram.  For  a digital  control  system,  the  motcr 
controller  is  considered  to  be  a closed-loop  sampled  data  system.  The  digital 
sys+em  can  be  analyzed  with  the  Z transform.  The  loop  compensation  network 
can  be  real 'zed  with  a digital  filter.  Use  of  the  bilinear  transform  allows 
digital  controller  design  using  the  Bode  diagram  method. 

For  the  analog  system,  the  compensation  network  can  be  realized  with  a 
simple  resistance  and  capacitance  network.  ihe  circuit  synthesis  can  be 
obtained  by  equating  like  coefficients  of  the  transfer  function  of  the  RC 
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network  with  tie  transform  furction  of  the  proportional  plus  rate  or  integral 
system.  For  a digital  compensation  system,  the  digital  filter  can  be  Imple- 
mented with  either  the  recursive  (feedback)  or  nonrecursive  method.  The 
advantages  end  disadvantages  ot  both  methods  are  listed  below. 

Recurs i ve  F i I ter 

Advantages—  Infinite  memory,  fewer  terms  to  describe  a sharp  cutofi' 
filter,  and  more  complex  processing  capability 

Pi sadvantages — Insufficient  word  length  may  cause  Instability 

Nonrecursive  Filter 

Advantages — Excellent  linear  phase  characteristics,  and  no  stabi I ity 
or  limit  cycle  problems 

Pi sadvantages — Large  number  of  terms  required  for  sharp  cutoff  filter 
5.2. 2. 4. 2 Current  Limiting 

Current  limit  controls  provide  needed  protection  for  the  motor  and  the 
semiconductors  in  The  power  unit  and  limit  the  electrical  demand  from  me 
povfer  bus  Two  common l y used  current  limit  techniques  are  the  spillover  and 
the  current  minor  loop  mulliod.  In  the  spillover  current- i ; m i t circuit,  the 
armature  current  is  compar ea  with  the  limit  point  value  I limit.  When  the 
armature  current  la  exceeds  la  limit,  the  error  correction  signal  changes 
in  the  direction  to  decrease  the  current.  This  current-1 imit  circuit  is 
implemented  in  a minor  feedback  control  loop.  The  correction  signal  is  scaled 
such  that  the  magnitude  of  the  change  is  proportional  1o  the  amount  by  which 
ld  exceeds  la  limit.  It  the  gain  of  the  limit  circuit  is  high,  the  circuit 
may  be  unstable  in  limit.  Overshoot  is  also  a design  cons i derat  ion  for  this 
approach . 

A tighter  control  over  armature  current  is  provided  with  the  current 
minor-loop  approach.  The  current  minor-loop  method  <s  a continuous  feedback 
system  that  prevents  overshoot  by  clamping  the  error  and  the  rate  c.  change 
of  the  error  to  adjustable  values.  The  method  is  implemented  by  incorporating 
a zener  diode  cui ront  limit  cla<  p around  the  error  correction  amplifier  in 
conjunction  with  a current  r ate-of-c. lunge  limiter  in  +he  forward  path  of  the 
servo  loop. 


5 . 2 . 2 . 4 . 5 Power  Sw > tch  Se I ect i on 

The  switching  devices  ir  the  commutator  may  either  be  si i Icon  control 
rectifiers  (SCR's)  or  transistors.  In  either  case,  the  devices  have  diodes 
connected  across  them  in  inverse  parallel.  Until  recently,  mos+  commutators 
have  used  SCR's  as  the  switching  element  because  they  were  the  only  devices 
available  with  the  necessary  high  voltage  and  current  ratings.  One  o*  the 
drawbacks  in  using  SCR's  is  the  requirement  for  a commutation  circuit  to 
turn  off  the  device.  Figure  2b  shows  a Typical  SCR  commutation  circuit. 

The  A(jX  SCR  is  turned  on  and  discharges  the  capacitor  to  provide  a reve-se 
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bias  in  the  main  tnyrlstor.  The  turnotf  time  is  proportional  to  the  size  of 
the  cci.nutaf ion  capacitors  and  the  voltage  to  which  they  are  charged,  and 
inversely  proportional  to  the  current  to  be  commutated.  Darlington  transistors 
with  high  voltage  and  currant  ratings  now  provide  an  alternative  in  the  design 
of  the  power  stage  of  the  invertor  circuit.  The  Darlington  circuit  (shown  in 
Figure  26)  produces  a power  stage  that  is  sign i » icant I y smaller  than  SCR 
commutators  In  sirs  and  weigh*.  ?WM  requires  that  the  switching  transistors  be 
operated  at  a frequency  several  times  higher  than  the  signal  trequency;  switch- 
ing losses  in  SCR's  become  apprecl ab I e st  frequencies  above  1 kHz,  while  the 
Drriington  transistors  can  be  operated  easily  to  20  kHz. 

b.2.2.4,4  Brushless  Dc  Motor  Control 

The  torque  in  an  elect,  ic  motor  is  produced  by  the  interaction  between  the 
magnetic  fields  in  the  rofor  magnets  and  the  stator  conductors.  The  axis  i f the 
magnetic  field  established  by  the  stator  curren*  is  displaced  ar  some  angle 
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fiom  the  axis  ot  the  rotor  flux  field.  The  torque  generated  by  ihe  interaction 
of  tho  two  fields  is  given  by 


where 


T * * FpK  Bp*,Lr  sin  6 
T = torque 


f*K  n 


maximum  stator  MMF  (assume  sine  wave) 


Bp^  = maximum  air  gap  flux  density 
L - rotor  length 
r = rotor  radius 


6 ■ angle  between  stalor  MMF  and  rotor  flux  field 

To  maximize  torque,  6 must  be  maintained  close  to  90  deg.  in  a brush-type  dc 
motor,  this  relation  is  obtained  by  the  position  ot  the  brush  axis  with  respect 
to  the  train  rotor  axis.  In  a brushless  dc  motor,  this  relationship  is  con- 
trolled using  a rotor  position  sensor.  Therefore,  torauf  control  corresponds 
vo  controlling  the  magnitude  of  s+ator  current  for  any  fixed  value  of  6,  the 
angle  between  the  state  and  rotor  magnetic  fields. 


The  stator  consists  of  several  discrete  stator  windings.  Current  is 
Supplied  to  the  proper  stator  windings  by  at  e;ectronic  commutator,  as  a 
function  of  sensed  rotor  position.  The  commutator  consists  of  soi id-state 
switches  used  to  connect  seleded  si  tor  windings  to  the  dc  bus  as  a function 
of  rotor  position.  The  current  wave  form,  frequency,  and  phase  are  determined 
by  switching  rimes,  and  the  amplitude  by  pulse-width  modulation  ot  the  dc  bus 
voltage  (Reference  10).  Fcr  the  3-phase  stator  winding  being  considered, 
two  switches  are  conducting  at  any  one  time;  every  60  deg  of  rotation  one 
switch  is  turned  off  and  a new  one  is  turned  on  to  ob+aln  the  required  current 
pat.ern  and  resulting  rotating  magnetic  field  in  the  stator.  The  rotor  position 
sensor  controls  the  limits  of  tne  turn-on  and  turn-off  points  of  the  commutation 
switches  to  provide  the  maximum  torque  per  amp  (6  - 90  deg).  The  duration  of 
switch  on-time  provides  the  control  of  current  maqr.itude  n ocessary  to  control 
output  torque. 


Tne  use  of  a digital  shaft  encoder  will  simplify  the  i.  achine-circuit 
interface.  For  example,  absolute  optical  encoders  are  available  which  require 
less  torque  to  i '.-n  tne  shaft;  operate  faster  than  meet  '.nical  encoder-:;  provide 
long  life;  and  exhibit  a memory  such  that  power  outages  will  not  affecr  the 
output  when  power  is  restored.  In  the  bri  shless  oc  motor,  the  toroue  is  con- 
trolled by  adjuslojle  averse  current  supplied  through  the  electronic  commutator. 
Either  phase  fd>)  control  or  PWM  techniques  may  be  used  to  generaJe  the  required 
voltage.  A coil  will  be  required  as  a smoothing  reactor  to  suppress  the  ripple 
current  if  a phase  control  circuit  is  used  t0  generate  the  voltage.  Figure  T~ 
is  a functional  block  diagram  of  dc  drive  system.  Its  basic  features  are: 

(■)  power  circuits  and  line  isolation  technique  Ident.cal  to  ac  drive.  (2) 

PWM  control  for  a simplified  voMaqe  control  circuit,  and  (3)  adaptable  to 
digi*ai  implemented i pn  . 
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ARMATURE 


OC  Drive  functional  Block  Diagram 
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5. 2. 2. 4. 5 Ac  Induction  Motor  Control 


When  sinusoidal  input  power  (neglecting  excitation  losses  and  stator 
voltage  drops)  Is  applied  to  the  stator  windings  of  the  ac  induction  motor, 
a rotating  magnetic  field  is  produced  in  the  stator  with  angular  speed 


2 

U)s  * p^,  where  P Is  the  number  of  poles  and  flux 
Wfl , the  slip  speed  will  be  od  = ou,.  - ujr- 


It  the  rotor  speed 
u) 


i s 


The  difterence  in  speed  between  the  rotor  conductors  and  the  rotating  magnetic 
field  generates  the  rotor  voltage  VR  * <Jsu)d.  ro+or  current  will  be 


'R  =n/r2  +(wdLr)‘ 


where  R = rotor  resistance  and  L = rotor  reactance.  The  rotor  flux  Is  given 

by  = lR  = ~ — . The  rotor  f lux  lags  the  stator  f lux  by  ® * +31  R r 

and  the  motor  torque  is  given  by  r 


= M2 ^ 

v / R2  + (uu 


(^dLr) 

The  torque  Is  dependent  only  on  slip  In  the 
V 

~ is  held  constant.  = kr/lr  is  defined  as 


constant  torque  speed  range  if 
the  breakdown  point.  Operation 


below  breakdown  will  yield  high  efficiency  and  high  power  factors.  The  results 
are  comparable  to  dc  machines.  The  speed  of  the  motor  can  be  varied  by  adjust- 
i ng  the  stator  frequency  if  the  t i ux  is  maintained  at  a level  high  enough  to 
prevent  saturation.  The  direction  of  slip  relative  to  the  s+ator  determines 
the  direction  of  power  flow,  wnile  the  voltage  determines  the  level  of  torque. 


A functional  block  diagram  of  a variable- voltage,  variable-frequency  ac 
drive  system  is  shown  in  Figure  28.  Falient  features  ore: 


(a)  Direct  line  rectification  to  minimize  weight  (no  transformer  input 
in  power  circuit). 

(b)  High-voltage  mode  for  increased  efficiency 

(c)  Darlington  transistor  commutator  to  simplify  turnc-ff 

(d)  Use  of  optical  couplers  to  protect  the  control  interface 

(e)  Torque  control  with  slip  - constant^  to  minimize  heating 

(f)  PWM  drive  for  low  harmonic  content 

(g)  Digital  implementation  for  versatility 
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Inverter  circuits  are  generally  employed  to  generate  the  desired  excitation 
signal.  The  Inverter  circuits  associated  with  a var I able- speed  ac  drive  may 
be  classified  Into  two  groups:  (1)  amplitude  modulation  or  (2)  PWM.  For  six- 

step  amplitude  modulation,  the  I Ine-to-neutral  applied  sine  wave  signal  is 
approximated  by  a six-step  waveform.  A phas6-conf rol led  dc  source  or  a chopper 
may  be  used  to  generate  the  dc  source  required  tor  the  six-step  modulation 
circuit.  A smoothing  filter  is  required  to  minimize  the  beating  of  the  moTor 
currents  caused  by  the  difference  in  Inverter  output  and  the  rectified  line  or 
chopper  frequency.  The  use  of  the  chopper  with  a full-wave  bridge  will  produce 
a taster  voltage  response  due  to  the  smaller  LC  filter  time  constant. 

The  PWM  inverter  Is  a simple  control  circuit  that  generates  both  frequency 
and  voltage.  The  output  voltage  waveform  Is  a constant  amplitude  puise  train 
whose  polarity  changes  periodically  to  provide  the  motor  fundamental  frequency. 
The  magnitude  of  the  fundamental  Is  varied  through  pulsewidth  control.  The 
inverter  is  modulated  to  a sine  wave  envelope,  and  the  modulating  frequency 
is  set  high  enough  to  be  rejected  by  the  motor. 

When  induction  motors  are  driven  by  PWM  invarters,  both  the  magnitude  and 
frequency  of  the  harmonics  must  be  carefully  controlled.  The  presence  of  large- 
amplitude  harmonics  will  increase  motor  heating  and  peak  currents  and  ray  affect 
torque  production.  The  harmonic  contents  of  the  PWM  waveform  may  be  analyzed 
with  the  Foui  ier  series.  Figure  29  shows  a plot  of  fhe  Fourier  coefficient 
of  a 5f  waveform.  From  odd-half  symmetry  considerations,  the  even  harmonics  are 
zsro.  Trap  circuits  car.  be  used  to  reduce  the  eleventh  and  thirteenth  harmonics. 
In  general,  as  the  number  of  pulses  approach  a large  number,  +ne  harmonic 
contert  approaches  the  value  for  an  equivalent  square  wave:  one-fifth  tor  the 
fifth  harmonic,  one-seventh  tor  the  seventh  harmonic,  etc. 

PWM  harmonic  control  schemes  may  use  a carr ier-to-slgnal  frequency  ratio 
which  Is  either  fixed  or  adaptive.  The  harmonic  content  in  a fixeo-ratio  system 
will  cause  losses  and  unnecessray  temperature  rise.  In  on6  adaptive  modulation 
scheme,  the  numoe'"  of  pulses  per  half-cycle  increases  as  the  signal  frequency 
decrease?.  The  pulsewidth  is  then  varied  to  obtain  voltage  control.  In  a 
second  method,  the  carrier  Is  identified  as  a triangular  wave  with  a fixed 
frequency.  Both  the  amplitude  and  frequency  of  the  sine  wave  Is  varied  to 
generate  the  inverter  control  signal.  The  use  of  many  pulses  per  half-cycle 
reduces  the  harmonic  content,  but  requires  fast  turn-off  switches,  and  commu- 
tation losses  may  be  significant  if  bCR's  are  used. 

5 . 2 . 3 Tradeoffs 

5.2.3. ' Motor 

Tne  comparison  of  the  motor  performance  is  presented  in  Table  8. 

The  thermal  management  characteristics  ot  the  two  machines  are  dascribed  In 
Figure  30.  Tne  allowble  duty  cycle  tor  the  dc  machine  Is  higher  than  the 
ac  machine  because  of  the  hlgner  efficiency  and  the  preferable  loss  distri- 
bution in  the  stator.  A minor  consideration  In  favor  of  the  ac  machine  Is  the 
relatively  lower  cost  compared  to  the  dc  motor.  The  magnet  material  and  the 
rotor  construction  costs  are  more  expensive  than  for  the  ac  rotor.  The  stator, 
end  bells,  and  housings  tor  the  two  motors  are  very  similar  in  cost.  Total 
system  costs  will  be  very  similar  when  including  the  actuator  and  controller. 
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TABLE  8 

MOTOR  COf^ARISON 


Parameter 

Ac 

Motor 

Brushless 
Dc  Motor 

No-load  speed,  rpm 

7643 

9200 

Motor  accelerator,  rad/sec 

30,369 

35,510 

Current  limit,  amp 

30 

29 

Actuator  gear  ratio 

573 

670 

Maximum  output  acceleration,  rad/sec^ 

53 

53 

Outside  diameter.  In. 

4 

4 

Overal 1 1 ength  , in. 

0-3/4 

7-1/2 

Weight,  lb 

19 

18 

Rotor  d i amoter , In. 

1 .5 

1 .5 

Rotor  length,  in. 

5 

4 

| 

5. 2. 3. 2 Control ler 

Analog  and  digital  power  servo  concepts  are  compared  in  Table  9.  The 
microprocessor  provides  the  desirable  operational  characteristics  ot  flexi- 
bility, versatility,  and  low  cost.  The  hardware  design  can  be  fixed,  while 
the  functional  characteristics  can  be  tailored  to  meet  modified  performance 
requi rements . The  mi croprocessor  motor  control  versatility  is  further  illus- 
trated in  Table  10.  By  changing  only  software,  the  microprocessor  can  operate 
either  on  an  ac  or  dc  servomotor.  The  processor  capability  to  monitor  and 
fault  Isolate  is  an  additional  advantage.  The  implementation  of  control  for 
the  ac  and  dc  motors  is  summarized  in  Table  11,  which  shows  the  similarities 
in  the  basic  drive  requirements  for  the  two  approaches.  The  quantitative 
method  of  handling  these  requirements  is  accomplished  by  software  changes  tor 
the  microprocessor  as  opposed  to  hardware  changes  tor  an  analog  servosystem. 
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Figuro  30.  Ac  end  Dc  Motor  Thermal  Management  Comparison 

TABLL  9 

COMPARISON  OF  CONTROLLER  TYPES 


Advantages 

Disadvantages 

• Simpl icity 

• Precision  components 
required  in  feedback. 

In' 

• Nut  adaptable  to  changes 
In  system  requirements 

a Unrel (able 

• Varsati 1 i ty 

• Simple  hardware 

• Adaptable  to  failure 
and  redundancy 
monitoring 

a Adaptive  servo 
capabi 1 ity 

• Cost  competitive 

9 Software  design  required 
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TABLE  '.0 

COMPARISON  OF  DRI\E  SYSTtM 


Brush  lass  DC  Drive  System 

AC  Drive  System 

Sensor 

Requirements 

Anguiar  position  In  tor 
required  - digital  code  wltn 
magnet i:'  or  optical  coupling 

Shrtt  angle  revolution 
frequency  and  applied 
voltage  information  to 
stator 

Modulation 

Variable  dc  may  be  generated 
with  PlrfM  or  phase  control 

PWM  Inverter  Is  an  effi- 
cient means  of  generating 
a variable  voltage  end 
frequency  In  a single 
circuit 

Power  circuits 

Transistor  preferred  with 
PWM  control  because  of  high 
frequency  switching 

SCR  requires  torcec  com- 
mutation circuit  to  start 

Per  f ormance 

1 

Wide  range  oV  speed  control 
with  voltage  control;  current 
limit  used  to  reduce  stator 
heating 

Comparable  to  dc  motor  If 
Slip  Is  constrained  to 
values  below  breakdown 

Microprocessor 

Control 

Simple  software  and  hardware 
control 

Simple  hardware  - slightly 
more  complex  software  than 
dc  control  1 e. 

TABLE  1i 

SIMILARITIES  IN  MOTOR  CONTROL  CONCEPT  APPLICATION 


AC  DRIVE 

• Con it ant  torque 

• PWM  or  amplitude  modulation 

,o  Torque  control  with  slip  and  current 

• Adaptable  to  digital  Implementation 

DC  DRIVE. 

• Constant  torque 

• Phase  control,  chopper,  Pvkm  dc  source 

• Optical,  magnetic  shaft  encoders 

• Commutation  approach  adaptable  to  digital 
implementation 


>1 


! 
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5.2.4  Selected  Drive  Approach 

The  selected  drive  approach  for  the  hinge-line  actuator  Is  a dc.  brushless, 
permanent -magnet  motor  controlled  by  a digital  microprocessor.  Ihe  drive 
system  selected  for  preliminary  design  is  summarized  in  Table  12.  A schematic 
ot  the  selected  drive  system  Is  presented  in  Figure  31.  The  features  listed 
Irt  this  figure  emphasize  the  versatility  o<  the  selected  approach,  which  is 
the  principal  consideration  in  selection  of  the  microprocessor  tot  a primely 
♦light  control  component. 

5.3  ACTUATOK  ELLMEN1  OPIIONS 

5.3.1  Initial  Screening 

The  options  tor  the  mechanical  elements  ot  an  actuator  are  shown  In  Figure 
32.  The  linear  actuator  is  eliminated  from  turther  consideration  because  t tie 
baseline  design  approach  (ground  rule)  Is  to  be  a rotary,  hinge-line  actuator. 
Within  the  general  category  of  actuators  having  a rotary  output,  .'here  are 
many  implementation  technlgues.  A continuous-running  electi  lc  or  I ve  can  be 
Mechanically  controlled  to  provide  variable  rate  by  use  of  intermittent  clutch- 
ing (spring,  electromagnetic),  or  by  use  ot  cont i nuou.l y variable  toroidal 
transmission  type  drives.  Intermittent  clutching  devices  are  eliminated  from 
tbs  study  because  o f serious  limitations  of  life,  repaatab i I i ty , and  reliability. 


1 Atilt  12 

QPIVt  SYSTtM  FOK  PRELIMINARY  DtSIGN 


1.  PROGRAMMABLE  MICROPROCESSOR  CONT  ROLLER 

2.  EMPHASIS  ON  BRUSHLESS  DC  MOTOR  CONTROL 

3.  DIGITAL  FILTER  COMPENSATION 

4.  NON  ADAPTIVE  PWM  CONTROL 

5.  OPTICAL  POSITION  AND  FREQUENCY  ENCODERS 

6.  TRANSISTOR  POWER  SWITCHING 

7.  USE  OF  CURRENT  AND  TEMPERATURE  MONITOR 

| 8,  USE  OF  AIRCRAFT  PARAMETERS  FOR  TORQUE  LIMITING 
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Figure  31.  Selected  Dr  i v°  System 
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even  though  they  may  provide  good  frequency  response.  Continuously  variable 
output  devices  using  constant  running  inputs  Include  the  toroidal  transmission 
ond  the  opposing  differentia!  types.  The  toroidal  transmission  (shown  in  Figure 
33)  is  not  included  as  a principal  candidate  because  of  the  limited  life  of 
•the  rolling  mnchanicai  elements  and  low  trequency  response  capability  .see 
Append i x t ) . 

A direct-drive  servo  offers  both  reversible  and  nonrever si b I e operation. 

The  high-efficiency  reversible  approacn  is  limited  to  applications  where 
redundancy  of  actuation  is  nor  required.  The  Irreversible  approach  using  brakes 
or  no-backs  for  position  holding  is  superior  to  the  low  efficiency  approach 
because  less  power  is  consumed  in  movinq  the  surface,  and  the  surface  is 
positively  locked  even  in  the  presence  of  vibration  and  periodically  reversing 
loads,  which  can  causa  an  irreversible  geartrain  to  creep.  The  most  promising 
actuation  system  elements  are  therefore: 


Actuator  Type — Rotary 


Or i ve  Type- -0 i r ect-dr i ve  servo 
Geartrain  F, fficiency — High  ( >50  percent) 

Position  Ho  I d i nn— Motor  brake  (used  on  servomotor  to  lock  a standby 


Harmon i c 
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5.3.2  Component  Characteristics 
5. 3. 2.1  Rotary  Actuator 

Tiio  character  I si  i os  ot  a planetary  geared,  rotary,  hinge-line  actuator 
of  the  type  shown  in  figure  34  are  presented  in  Figure  35,  wh'.:‘,  relates 
weight,  torque,  spring  rate,  and  cycle  1 1 * a to  the  actuate'  diameter.  For 
example,  the  4-In.  00  actuator  si^ed  ior  37,500  in. -lb  torque  and  100,000 
life  cycles  will  have  the  following  characteristics. 

e Torque  per  unit  length:  6,000  Ibt-in./in. 

• Spring  rate  per  unit  length:  600,000  I Df- i n./rac-  ir- 

• Weight  per  unit  length:  2 ib'-Zir. 

The  length  of  the  actuator  is  obtained  by  dividing  the  specific  torque 
value  into  -‘•he  load  torque  required,  as  follows: 

Actuator  length  = 37  500  = 6.25  in. 

6 ,OO0  Ip*— in. /in. 

Based  upon  this  iength,  the  other  character i sti cs  are  determined  as  follows: 
Actuaror  spring  rare: 

6G0 ,000-— 3— r—  X 6.25  In.  = 3.75  X 1 06  - 

rad- in.  rad 


Actuator  weight: 

2 I pr;  / i r . X C . 2 3 in.  - 12.5  I b”-. 

Tns  parametric  data  are  extrapolated  data  from  the  following  aircraft  systems 
whicn  use  rotary  actuators. 

• F-16  leading  edge  flap 

• 747  leading  edge  flap 

• SST  flap 

• B-l  bomb  bay  door 

A harmonic 
the  37,500  ■ L‘- 

• '.'/’:c!reJ  rr-j 

actuator.  Also 


drive  of  he  type  shown  i n li  qure  3c  , » a • 

r.  triue  ccrri5i;cr2"'5  i j exa-p  ’ e p-opi  •-  • i . 

cnaractt-'  .sties  of  »he  harmonic  drive  ard  pi  )••  • r / . ■ 

included  are  cataloa  data  obtained  for  a pancake  h.irnoni.  <ti  i 
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5. 3. 2. 2 Velocity  Summing  Differential 

A velocity  summing  differential  Is  required  when  redundant  elec+rlc  motor 
drives  are  used.  Since  the  actuator  provides  a gear  ratio  of  approximately 
250  to  1,  the  torque  rating  of  the  differential  Is  a follows: 

37500  lbt-in.  r 150  lbf-in. 

m 

The  resulting  weight  of  the  mixing  differentia*  is  2 I bm.  Added  to  the  actuator 
weight,  the  total  weight  ol  the  mechanical  drive  Is  14.5  ibn. 

5 . 3 . 2 . 3 No  Bachs  and  Br  akes 

A no-fcack  is  a device  that  allows  power  to  pass  from  the  input  to  the 
output  with  high  efficiency,  and  which  acts  as  a positive  brake  to  prevent 
power  from  being  transmitted  from  the  output  back  to  the  inpul.  The  charac- 
teristics of  a no-back  are  shown  in  Figure  37.  T tie  major  features  of  tne 
device  are: 

(a)  No  motion  when  the  point  of  operation  determined  by  the  Input  and 
output  torque  falis  In  the  cross-hatched  area  of  Figure  37. 

(b!  The  input  must  he  driven  to  produce  motion  at  the  output. 

(c)  A friction  drag  of  1 to  3 percent  is  experienced  when  driving  an 
opposing  load. 


Mechanical  No-Pack  Character i st i cs 
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(d)  To  move  an  aiding  load,  Ihe  input  required  may  range  from 

approximately  5 percent  to  more  than  100  percent,  depending  upon 
the  design  and  the  coefficient  of  friction. 

A no-back  is  used  in  a system  that  primarily  performs  a trim  function.  This 
results  in  less  motor  heating  because  the  no-back  holds  the  load.  In  the 
aiding  load  mode  of  operation,  the  motor  is  only  required  to  orovide  suffi- 
cient torque  to  unlock  the  no-back. 

The  principal  methods  of  achieving  a no-back  function  are  divided  into 
the  following  classifications;  some  are  illustrated  In  Figure  38. 

Irreversible  components 

Thrust  col  I ars 

Capstan  Coils 

Ramp  (load  weighing)  activated  no-backs. 

Components  such  as  screw  threads  and  gearing  achieve  i rreversab i I i ty  by 
a design  efficiency  of  less  than  50  percent.  The  simplicity  gained  by  this 
approach  is  at  the  expense  of  power  input  required  due  to  the  low  operating 
efficiency.  Management  of  the  power  dissipated  also  can  be  a major  disadvantage. 

The  thrust  collar  device  is  based  upon  the  principle  that  an  axial  (or 
equivalent)  force  produces  sufficient  friction  at  the  thrust  collar  to  prevent 
back  driving.  In  the  opposing  load  mode,  the  thrust  collar  Is  allowed  to 
ratchet,  and  thus  nullify  the  friction  torque.  The  principal  disadvantage  of 
tf.o  thrust  collar  type  of  no-back  is  that  the  power  demand  from  the  motor 
during  aiding  load  operation  varies  with  the  coefficient  of  friction  on  the 
collar.  Therefore,  the  aid'ng  load  usually  sizes  the  power  unit  rather  than 
the  opposing  load  ci^e.  A power  penalty  resul+s.  The  capstan  coil  device 
is  generally  no.  used  for  applications  requiring  energy  absorption.  The  heat 
generatea  by  friction  occurs  In  limited  small  surfaces  and  complicates  the 
thermal  design  of  the  unit.  The  simplicity  of  the  device  is  attractive  tor 
parking-brake  applications  (non-energy  absorbing). 

The  rarr.p-oct  I vated  no-back  is  shown  ir.  Figure  39.  Schematics  of  the 
no-hack  are  showr,  in  Figures  40  and  41,  wnich  show  all  normally  rotational 
motion  concerted  to  linear  motion.  When  the  motcr  orlves  the  load,  the  ball- 
ramps  are  in  phase,  and  only  the  small  bias  brake  is  engaged.  The  bias  brake 
serves  as  a damping  device  to  achieve  jitte_-frec  ^parotlon  during  siding 
load  conditions.  Figure  40  shows  operation  of  the  device  when  the  output 
attempts  to  dr!va  the  Input.  Here,  thj  ball-ramps  become  out-ot-phase , apply- 
ing braking  forces  unon  the  disc  brake  assembly  and  di reefing  all  terque  to 
the  outer  fixed  housing  structure. 
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HON  ENIPGY  ABSORBING 

• RATCHETS 

• CAPSTAN’  COIL 

• IRREVERSIBLE  COMPONENTS  - GEAR  BOX  *?■  60%.  WORM  GEAR 

• THRUSV  COLLARS 

POWER  SIZED  BY 
AIDING  LOAD 

BRAKE  SURF  ACE 

ENERGY  ABSORBING 

• LOAD  WEIGHING 

HIGH  EFFICIENCY 
ENERGY  ABSORBING 
NON  CHATTERING 


Figure  36-  Mechanical  No-Beck j 


INrUT  OHIVING  AGAINST  AN  OPPOSING  TORQUE 

NOMENCLATURE 
V LOAD  BRAKE  SPRING 
2 LOAOBRmKE 

DISCS-RO  ATING 
Pi  ATES— STATtONARY 
3.  OUTPUT  RAMP 
4 DRIVE  DOGS 
5.  INPUT  RAMP 

6 CONTROL  BRAKE  PLATE 

7 CONTROL  BRAKE  SPRING 
d LOCK  PIN 
9 RAMP 

■})  (.4)  (V  (9)  (6)  'A)  {f)  (8; 


Flquro  39.  Ball  ramp  Type  :><  No-Lack 
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Figure  40.  Fnerqy  Absorbing  Do-Back:  Input  Driving  ,=jn  OpDos  ' nq  Load 


F i gure  4 1 . 


F nyi qv 


At. sort'  i nq  Do-flack  : 


Input  Drivinq  an  A i cl  i nq  load 
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5 . 3 . 2 . 4 Load-Uml  1 1 nq  Devices 

Two  approaches  to  load  limiting  are  considered:  mechanical  and  electronic. 

Mechanical  load-limiting  devices  are  sensitive  to  variations  In  coefficient 
of  friction  due  to  wear,  temperature,  and  velocity,  and  exhibit  wide  tolerance 
In  meeting  load  requirements.  The  load  limiter  should  be  placed  at  the  Input, 
where  torque  levels  are  low,  reducing  the  weight  of  the  device.  This  requires 
that  the  device  have  high  sensitivity  to  conducted  torque  and  a narrow  operat- 
ing to'eronce  band.  The  characteristics  of  the  unit  are  also  a function  of  the 
output  gear  efficiency.  For  example,  the  F-’OO  aileron  has  a load  limit  of 

150.000  Ibf-in.  torque  and  a minimum  load  requirement  of  132,000  iDf-ln.  The 
hydraulic  actuation  system  uses  a load  relief  valve  across  the  actuator  to 
limit  the  control  surface  hinge  moment.  The  characteristics  of  a mechanical 
device  to  provide  the  required  load  limiting  of  the  F — 1 00  aileron  are  given 
In  Figure  42.  The  curve  shows  that  a minimum  output  gear  efficiency  of  94 
percent  and  an  input  drive  torque  of  141,000  Ibf-in.  is  required  to  provide  a 

132.000  Ibf-in.  torque  at  the  output.  The  curve  also  shows  that  a back-driving 
torque  of  150,000  Ibf-in.  operating  through  the  94  percent  efficient  gearbox 
yields  a torque  of  141,000  Ibf-in.  at  the  input.  For  this  case,  therefore,  the 
load  limiter  must  hold  full  load  up  to  141,000  Ibf-in.,  and  then  provide  full 
release  of  the  load  at  all  greater  levels  of  torque.  There  is  no  tolerance 
bar.d  available  ror  manufacturing  or  other  variations.  For  gear  stages  that 
exhibit  higher  ett Iciencies,  a tolerance  band  exists.  Current  limiting  of  the 
motor  provides  a torque  limit  applied  tc  the  load.  The  current  applied  to  a 
motor  can  bs  accurately  monitored  ana  controlled.  The  torque  generated  for  a 
particular  current  value  is  not  affected  by  the  operating  temperature  of  the 
motor,  and  is  therefore  predictable  and  repeatable. 

5.3.3  Tradeoffs 

The  hinge-line  actuator  configuration  selection  is  made  on  the  basis  of 
weignt.  The  differential  planetary  geared  actuator  is  the  lightest  in  weight 
and  has  the  smallest  volume,  thus  easing  Installation  and  structural  Interface 
problems.  To  select  between  a rio-back  and  a motor  shaft  brake  to  hold  a load 
requires  a definition  of  the  cyclic  frequency,  duty  cycle  of  the  load,  and 
particular  actuation  concept.  Figure  43  shows  that  energy  can  be  usefully 
extracted  from  the  actuator /motor  by  the  technique  of  regeneration  when  the 
control  surface  experiences  sinusoidal  oscillation  at  frequencies  of  2.5  Hz  or 
less.  At  higher  frequencies,  power  from  the  motor  to  the  surface  Is  required 
tc  achieve  tne  desired  surface  acceleration.  It  electric  ' regeneration  Is 
not  used,  an  energy-absorbing  no-back  could  be  considered  as  a means  of  load 
holding  and  also  braking  of  control  surface.  As  discussed  earlier,  thermal  man- 
agement during  periods  of  hioh  loads  and  duty  cycles  is  a major  design  problem. 

5.3.4  Selected  Actuator  Approach 

Tha  baseline  configuration  for  the  actuator  is  fne  differential  compound 
hinge-Mne  geared  unit.  For  applications  requiring  redundant  power  inputs,  the 
actuator  will  include  a planetary  differential  for  velocity  summing  of  the  two 
motor  Inputs.  Aiso  required  wher,  using  redundant  drive  inputs  are  separately 
excited  dc  brakes  for  redundancy  management.  The  brakes  are  provided  to  hold 
the  motor  shaft  stationary  in  the  event  that  the  drive  channel  is  determined 
to  be  inooeratlve  for  any  reason.  Thus,  the  brake  is  not  a part  of  the  system 
dynamics  - 
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The  energy  absorbed  In  the  no-back  appears  as  friction  heating  In  the  disc 
plates,  figure  44  shoes  the  limitation  of  the  no-back  related  to  the  example 
problem  statement.  A transient  condition  of  100  cycles  at  ♦ 8.5  deg  can  be 
hann'ed  by  the  thermal  capacity  of  the  r.o-back,  and  does  not  require  heat 
transfer  to  the  structure  or  other  thermal  sink.  Also,  a control  surface 
deflection  of  2.0  deg  and  a steady-state  cycling  frequency  of  0.1  Hz  can  be 
accommodated,  and  the  required  energy  dissipated  from  thu  unit  as  heat.  Within 
these  operational  constraints,  the  brake  plate  temperature  will  no+  exceed 
460° F . The  weight  of  the  no-back  is  based  upon  providing  sufficient  surface 
area  for  heat  rejection  during  steady-state  energy  dissipation,  and  to  provide 
sufficient  mass  to  accommodt^e  transient  friction  heating.  The  size  of  the 
unit  Is  larger  than  needed  to  handle  the  1150  ozt-ln.  braking  torque  required 
z,t  the  mo+or  shaft. 


By  comparison,  a motor  brake  Is  not  designed  tor  power  dissipation.  ! • 

Is  designed  for  holding  torque.  Fur  this  reason,  motor  brakes  will  generally 
provide  position  holding  at  a lower  weight  penalty  than  the  use  of  a no-back. 
Actuation  of  the  brake  to  the  on  position,  however,  may  require  control  logic 
and  actuation.  Typically,  the  motor  brake  Is  actuated  off  by  the  same  power 
circuit  that  operates  the  motor.  A short  time  delay  can  be  built  into  the 
brake  coll  circuit  to  hold  it  In  the  otf  position  for  a period  of  time  follow- 
ing motor  snutotf.  This  feature  offers  the  advantage  of  increased  brake  life. 
A par.  of  the  fault  detection  and  Isolation  circuitry  also  can  be  used  to  con- 

• J xc  . 1. I - -.4  4 ..k/tn  4-kft  Caron  n I mi  i tc  A Al't  I V0.  WhQH 

T i nuuus  i y no  i u in* * u«  qao  v « ~ ~ ^ 

the  faull  mon 1 1 I ng  logic  signals  shut  down  a drive  channel,  the  braxe  would 
be  actuated  on.  It  energy  dissipation  Is  required,  a combination  of  regener- 
ation and  motor  brakes  may  have  application.  This  must  be  considered  m 
conjunction  with  duty  cycle  and  total  energy  d « ss i f Jted  and  regeneraled. 


I * . • » -I  «. 


Figure  44.  Thermal  Capability  of  Energy  Absorbing  No-bacK 
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5.4  RELIABILITY  CONSIDERATIONS 

Because  all  actuation  systems  have  a degree  of  unreliability,  It  is  neces- 
sary to  establish  ground  rules  by  an  Iterative  process  of  evaluating  acceptable 
and  unacceptable  failure  modes,  and  resulting  failure  effects.  Some  flight 
control  surfaces  are  rvjre  Important  to  safe  (gat-home)  capability  of  an  air- 
craft than  others.  For  example,  complete  loss  of  rudder  control  el  1 1 not 
ondauger  the  safety  of  the  aircraft,  especially  If  the  control  surface  fells 
centered  and  locked,  because  minimum  yaw  control  can  be  achieved  using  aileron 
control.  Therefore,  the  significance  of  any  single  failure  must  be  eva'ueted 
based  upon  (1)  the  probable  condition  of  the  tailed  control  surface  and  (2)  fhe 
degree  of  aircraft  control  lost  due  to  the  failure  of  that  surface.  The  condi- 
tion of  a failed  surface  could  be  (1)  fell  trail.  (2)  return  to  center  and  lock, 
(3)  lock  where  failed,  or  (4)  actuation  by  an  alternate  control  mode  at  either 
full  or  reduced  capability. 

Allowable  failure  modes  are  determined  by  the  criticality  of  the  control 
surface  to  provide  the  get-home  (or  safe)  operation  of  the  aircraft,  and  the 
basic  mission  requirements.  Particularly  for  a military  aircraft,  the  require- 
ment to  accept  at  least  one  control  systom  failure  and  still  provide  tul I 
control  indicates  a dual-  (or  even  triple)  redundant  system  approach.  This 
redundance  can  be  provided  by  selected  combinations  of  redundant  control 
signal  paths,  multlpowered  actuators,  and  spilt  or  multiple  control  surfaces. 

r-._  i . •!  lae.aar  « 4 ♦Ka  P.  1 An  ki* a cnll  + I n •* »n  I nhr»j*r#1 

I WH  OA<pM|4  I V f I MSI  U > ■ Ol  WM  J W • ■ '-W  • • v v v.  -r — — - — - - 

section.  These  two  sections  are  coordinated  mechanically  and  driven  by  a 

dual  tandem  hydraulic  cylinder. 

An  alternate  concept  is  to  drive  each  aileron  panel  of  Thu  F-100 
from  a separate  actuation  system.  In  normal  operation,  the  Inboard  and  out- 
bord  panels  are  drien  by  common  Input  commands  and  panel  motion  coordinated 
by  the  servo  control.  In  the  event  of  a control  system  failure  on  one  panel, 
adequate  control  Is  available  from  the  remaining  three  panels.  This  type  of 
split  control  surface  redundance  is  ideally  Implemented  by  electromechanical 
actuation  devices.  The  actuation  hardware  for  a particular  control  surface 
does  not  Interface  with  other  surfaces;  all  control  Interfaces  a.'e  electrical. 

5.4.1  Approach 

Reliability  apportionment  and  redundance  provisions  are  determined  based 
upon  the  ground  rule  that  an  aircraft  must  be  capable  of  getting  home  after 
a minimum  of  any  one  failure  in  the  total  flight  control  system.  To  maintain 
a cost-effective,  operational  system,  minimum  redundancy  and/or  backup  pro- 
visions are  Indicated.  Therefore,  It  is  necessary  to  define  which  elements 
of  the  control  system  must  be  backed  up  and  to  what  degree.  Table  14  lists 
typical  control  surfaces  of  an  aircraft,  the  criticality  of  the  control  surface 
to  the  aircraft  safety,  and  methods  of  providing  backup  for  required  functions. 
Active-Standby  redundance  Is  assumed  for  all  backup  systems.  It  Is  unrealistic 
to  expect  the  pilot  to  perform  remedial  action  (switchover)  and/or  to  activate 
redundant  control  systems  following  a failure. 
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TABLE  14 

TYPICAL  CONTROL  SURFACES 
AND  BACKUP  REQUIRED 


Sur  f see 

Conv'ol  Provided/ 
Cr  1 1 1 ca  1 1 1 y 

Probab  1 e 
E ai  l ure  Mode 

Pen  f ormance 
Requ i red 
lor  Safety 

Hack  up  Option 

Loading 
edge  1 1 ap 

Performance  improve- 
ment, not  critical 

Unstat*  1 ef 
t iee-r unn i ng 

Lockup 

i . 

A 1 t ei  na t e actua- 
tion SOU'  CO 

2 

Return  sur  face  to 
neutr  a 1 and  1 ock 

with  a u X i 1 i ar  y 
C0n+rO| 

E 1 aperon/ 
al leron 

Roll  ( 1 a ter  a 1 ) , 
cr 1 t i ca 1 

Tr al 1 i ng 

Stab le, 
return  to 
neutr  a 1 

1 . 

Use  surface  on 
neutral  ar*J  lock 
w i 1 h auxl  1 1 ary 
conti  o 1 

? . 

Split  con  t r O | 
surfaces 

V 

t a i 1 capab i 1 i f y 
backup  actuation 
System 

Irai  1 1 ng 
euge  f 1 np 

Performance  improve- 
nen t # not  cr 1 t i cal 

Tr  a i l i ng 

Statin  (no 

• 1 yl  fc,  ) « 

1 

■> 

None 

A i ter  note  ac  f jo- 
tion  source 

Hor i 40nt  9 1 

° i ter*  (longitudi- 
nal), Cr  i t i Cn  « 

Irai  1 i ng 

Star.  1 i>, 
re'u"i  f 0 

neutr  a 1 

1 . 

full  capao i 1 i t V 

backup  actuation 
System 

"1 

Sp  1 i t cnr't'oi 
SUr  t aces 
( s*ab i r a* v ) 

^ucider 

Y a*  v d i 1 ec  t i ona i l , 
c r i 1 i r a i 

Tr  a i ! : no 

5 f dM  e , 
re*  cr  n t 
n*?u  ♦ r <3  : 

1 . Nor* 

. Al  female  act4..i- 
t i • ' . vr  C P 

•Motor  rote  inertia  '.C.JJit'iJ  in  - I ‘j-sec  > tn'  ,>ujr  ;t  n > »*  ■ ' 

equivalent  to  a damper  weic*  jt  44  ip  ,(t  j Of  • i".  »(<■  Ktngo  line. 
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T > implemant  the  use  of  an  alternate  actuation  system  (redundant  com- 
ponents or  backup  systems)  requires  that  a failure  be  detected  and  Isolated. 
Instrumentation  usually  available  as  part  of  the  servocontrol  feedback  Is 
used  to  determine  adequate  system  functioning.  Independent  sensors  and/or 
additional  performance  monitoring  oevices  may  be  required  to  satisfy  built- 
in-test  equipment  (SHE)  requirements  and  to  as  serve  operational  fault 
detectors. 


Mechanization  of  redundant  mechanical  '’rive  channels  may  be  handled 
in  several  ways,  as  *'to«n  in  Figure  45.  For  examnle,  a method  of  mixing 
multiple  actuator  drive  inputs  for  use  at  the  control  surface  is  to  use  a 
velocity  summing  device  such  as  a differential  gearbox.  Since  both  motors 
drive  at  ail  times,  the  output  fi -jm  the  differential  is  the  sum  of  the  input 
velocities.  In  the  event  of  a failure  In  one  -rive  channel  (not  in  the 
differential),  the  differential  output  veicciry  is  reduced  fo  one-half,  while 
the  output  torque  r<y*>sin«.  unchanged.  To  maintain  output  tor  que  during  this 
mode~ofK  per  at  ion  requires  tha*  the  input  to  the  differential  on  the  failed 
sine  be  locked.  This  is  implemented  by  eithe-  a mechanical  no-back  or  a motor 

brake . 


5.4.2  Requirements 

The  reliability  requirements  and  goals  for  an  el ectromechan i ca I system  tor 
primary  fliqht  control  surface  actuation  a.  a based  upo..  known  data  of  aircraft 
operations-  Information  retaTinc  aircra't  failures  to  the  control  system  and 
the  actuation  system  is  summarize  . in  Table  15,  which  snows  a total  tailu'e 
rate  of  nearly  9 X 10  6 failures  per  hour  for  fighter  aircraft  and  a minium 
rate  of  1 X l0‘6  for  the  68CJ,  one  of  the  mosl  recent  fiy  -by-wire  aircraft.  io 
be  compatible,  therefore,  a goal  for  the  electromechanical  actuation  system  .s 
1 x 10'6  fc:  lures  per  hour.  This  includes  the  power  source,  fngnt  control, 
and  actuation  system  elements. 


The  reliability  model  is  shown  in  Figure  40.  A paral.e!  redundant 
electrical  supply  is  assumed  including  redundant  electrics  distribution  w thin 
the  airc-  art.  At  each  of  the  nine  control  surfaces,  if  is  assumed  that  a n wo- 
channel  drive  is  used.  The  output  of  each  drive  assembly  is  mixed  m a ve.o- 
citv  =umm i nq  differencial  to  operate  the  control  surface.  Table  16  gives 
the  numerical  values  of  reliability  for  the  various  components  based  upon  the 
reliability  model  (Figure  46);  Figure  47  shows  the  failure  rate  improve- 
ment  achieved  by  the  use  of  sinple  active  standby  redundancy.  Fa. lure  rates 
are  qiven  tor  individual  system  components,  subassemblies,  and  the  total 
actuation  svsten,  qased  upon  a total  of  nine  control  surfaces.  The  system 
failure  raie  of  i X 10  6 failures  per  operating  tour  appears  to  be  reasonable 

and  achievable. 


SCHEMATIC  I COf  :EPT  COMMENTS 


qure  4 1> . Conf'O1  Surface  Drive  Redundancy  ^rranqement 


REFERENCE  FLIGHT  CONTROL  SYSTEM  ADVANCES  FOR  NEAR  FUTURE  MILITARY  AIRCRAFT 
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TABLE  16 

RELIABILITY  ESTIMATES 


Component 


PMG 


Recti  Her/ 
power  supply 

Microprocessor 
(di gi tal  control ) 


Cc/brushlsss 

motor 

Gearbox 


Fai lures  per  10^  hr 

Lower 

Limit 

Upper 

Limit 

•94  .5 

71 .0 

40.0 

25.0 

8.33 

4.44 

29.3 

7.3 

5 

0.1 

Estimate  tor  subsonic  aircraft 
data  source,  FAftADA 

Assumed  switching  regulator  to 
minimize  power  (F-14  CADC) 

Assumed  average  ambient  operating 
temperature  around  40°C. 

(F-14  AlCSi 

uai a source,  F arade 


0C-10;  418,595  fleet  hours  reported. 


•Based  on  DC-9,  both  Series  10  and  30;  fleet  size  was  371  aircraft  with 
2.648,358  engine-on  hours. 
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Figure  47.  Study  Concept 


Using  the  F — 1 00  as  an  example  of  redundancy  management,  Tabie  17  gives 
the  electric  actuation  system  drive  tradeoff  to  meet  the  performance  require- 
ments. A drive  unit  consists  of  the  motor(s),  actuator,  and  control ler(s) , as 
indicted  In  the  table.  The  minimum  requirements  tor  control  surface  actuation 
can  be  achieved  with  a drive  weight  of  378  lb.  An  additional  52  lb  (14  percent 
increase)  provides  sufficient  redundancy  In  the  control  surface  drive  to  provide 
full  operational  capability  after  any  single  failure.  A 25-lb  weight  penalty 
results  when  reduced  performance  Is  acceptable  following  a failure.  The  table 
shows  that  the  minimum  weight  system  without  redundancy  is  the  same  weight 
synthesized  for  minimum  control  for  gat-homo  capability. 

5.5  AIRCRAFT  ACTUATION  SYSTEM  INTEGRATION 

The  component  parametric  data  presented  earlier  in  this  section  are  used 
to  compare  the  electromechanical  actuation  system  to  the  current  hydraulic 
system  fc*~  the  F-10Q  aircraft.  Individual  electromechanical  component  character- 
istics are  shown  In  Table  18.  The  total  weight  shown  includes  the  motor, 
differential  gearbox  (if  used),  and  the  f;nal  actuator  output  stage  gearing. 

The  summary  of  the  system  weight  for  «n  all  electromechanical  F-100  flight 
control  system  Is  presented  in  Table  19.  i he  actuator  configuration  corres- 
ponding to  the  weight  summary  is  shown  in  the  block  diagram  ot  Figure  48. 

The  total  system  weight  including  the  redundant  power  source  and  electrical 
distribution  is  966  lb.  The  hydraulic  system  weight  tor  flight  control  actua- 
tion Is  presented  in  Table  20.  The  total  weight  Is  971  lb. 

Based  upon  the  data  shown,  the  electromechanical  and  hydraulic  approaches 
are  weight  competitive.  An  approach  to  installation  of  the  electromechanical 
actuator  into  the  F-100  outboard  aileron  is  shown  in  Figure  4y.  The  figure 
shows  damper  weights  used  to  prevent  flutter  of  a control  surface  in  the  event 
of  loss  of  the  redundant  hydraulic  circuits.  The  el ectromechan i ce I actuation 
concept  would  not  require  damper  weights  because  of  the  equivalent  inertia 
resulting  from  the  motor  rotor  reflected  through  the  relatively  high  gear 
ratio. 

The  potential  for  weight  reduction  made  possible  by  eliminating  the  out- 
board panel  damper  weights  is  therefore  an  additional  73.4  lb  for  bcih  panels. 

The  electromechanical  actuation  system,  with  redundancy  equivalent  to  the 
hydraulic  system,  weighs  693  lb,  for  a total  weight  reduction  of  7b  lb  compared 
to  the  hydraulic  system,  or  an  8 percent  weight  reduction. 

As  an  additional  point  of  comparison,  the  electro-hydraulic  actuation 
system  for  the  B-52  elevator  has  been  evaluated  against  the  equivalent  electro- 
mechanical approach.  Table  ?l  presents  the  compar  ison.  The  B-‘>2  unit 
represents  technology  eight  years  old,  but  is  representative  of  actuaficn 
system  concepts  based  upon  power -by-wire  and  fly-by-wire  versatilit\  ar.d 
adapt ab i l i ty . 
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TABLE  17 


REDUNDANCY  MANAGEMENT  TRAPI  off 


Mi . Consol 

Min.  Drives  Dr  • yes  &eo':'rcO  tor  Reduced  Capability  t<ji  Get-Home 

Reauired  for  f-jil  Full  Control  Aftor  (t'aif-Rate)  After  Cf-pab  ■ i ■ ty 
Control  | 1 Ffti  lure  INot9  M t F t.  i lure  INote  2)  After  1 ffti  lure 


No.  O f I Or  I ve 


Nc.  O1  | Dr i we 


I No.  of  I Or  i .6 


Control  Surface  Motors 


i qht . i b I Motor  s I Woi  gt>  t . ■ b I Motor  & I k«!  Qht . i h I Motor  s I He i an  t , ib 


No.  ot  k Or  I we 


. Assumes  r ’jndan t <jr,ve  is  actuated  or.  att..-r  tai'-a'e  d primary  drive. 
As'-u'hes  O'  five  Sf3'0t>v  redunooncv. 

Assjneo  Spl't  con 1 r o1  Sgr  tec«S;  .C’SS  O*  01‘tf  Dan^-  Ou*  0<  * is  r..;.t  cri'.^a 

»oce  • • s fr->;  lea. 


TABLE  18 


LECTRO.VECHA.MCAi  COMPONENTS  Si/ED  fOR  1-10C  APPLICATION 
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TABLE  19 

F-100F  ElECTRQMtCHAN I CAl  SYSTEM  WEIGHTS 


Humber  cf 
Units 


A! leron  actuaiors 
l nboard 
Outboard 

Aileron  control  boxes 

Stabilizer  actuator 

Stabilizer  control  boxes 

Rudde--  actuator 

Rudder  control  boxes 

Pilot  I np':t  transducer 

Aileron  mounting  structure 

Stabilizer  mounting  structure 

Rudder  mcurting  structure 

Input  traisOucei  mounting 

Aircraft  power  source 

Permanent  magnet  generator 

Conditioning  and  power 
disti  i but  ion 

Electrical  generating  system 

(standby ) 


— ■ — — 1^— 

Unit  Wei ght , 
ib 

Tota- 

Wei gbt, 
1 b 

4 j 

90 

36 

72 

5.25 

10.5 

169 

169 

5.25 

10.5 

22 

22 

0.3 

10.5 

1 

75 

75 

1 5 

10 

35 

70 

1 36 

200 
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figure  4b.  r-100  Electromechanical  Actuates  Plock  Diagram 
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TABLE  20 

F-100K  HYDRAULIC  FLIGHT  CONTROL  SYSTEM  WEIGHT  REDUCTIONS 


Component 

F I I ght  controls 

Auto  f I Ignt  control s 

Servos 

Plumbing  end  fluid 

Hi leron  control s 
Meehan  I ca I 
Hydrau 1 1 c 
Artificial  feel 

Horizontal  tall  controls 

I I 

riOWMi'  • vw  . 

Electrical 
Hydrau I ic 
ArHriclal  feel 

Rudder  controls 
Meehan  I ca I 
Hydrau I ic 
Artificial  feel 
Vibration  damper 

Power  control  system 
Pumps 

Accumu I ators 
Reservoirs 

Valves,  f I 'ter  s,  etc. 

P I gmb I ng 

Fluid 

Emergency  system 
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TABLE  2t 

WEIGHT  COMPARISON  Of  EM  AND  HYDRAULIC  SYSTEM 
FOR  B-W  ELEVATOR  PROBLEM  STATEMENT 


electromechanical  weight,  lb  electrohydraulic  WEIGHTAB 


MOTOR  12) 

36  LB 

POWER  UNIT 

BRAKES 

3 

MOTOR/PUMP 

3b  LB 

actuator 

14.5 

RESERVOIR 

23 

CONTROL  (2) 

10.5 

actuator 

57 

TOTAL 

64  LB 

TOTAL 

115  LB 

■64  LB  TOTAL  WEIGHT  FOR  ACTUATOR  SIZED  FOR  10O.0OO  CYCLE  LIFE:  WEIGHT 
INCREASES  TO  76  LB  FOR  ACTUATOR  SIZED  FOR  500.000  CYCLE  L FE 
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6 . PRELIM!  ,.'RY  DF 1 GN 

This  section  presents  the  preliminary  design  of  the  selected  approach  to 
eli -tromechanica  I flight  control  actuation.  The  elements  of  the  selected 
approach  are  listed  below: 

• 115/200-vac,  3-phase  power  scjrce 

• Rectifier 

• Microprocessor  motor  control 

e Brushless  dc  motor  with  magratic  shrft  encoder 

• Magnetic  brake 

• V .oclty  summing  planetary  different!?! 
e Rotary,  h i nge- l l ne  output 


6.1  DESIGN 

The  following  paragraphs  present  the  preliminary  design  of  the  system  and 
discuss  major  components  that  meet  the  baseline  prob'en  statement  given  in  Table 

22. 

TABLE  22 

BASELINE  PROBl.TM  STATEMENT 


Stroke 


Frequency  respc  lse 


270  vdc 


+19  deg 


8 Hz  (90  deg  phase  shltt) 


( i .i*er  1 1 a I load  only)  at  +1.19  dtg  amp  ! i t ude 


No-load  speed 


Stall  torque 


Inert' j I load 


Ambient  tempr-a+ure 
Open  loop  gain 


80  dea/sec  = 1.597  rad/sec 


37,575  I bt-ir. . | 

17,894  ibf-in.-  - 46.6  lot-in. -sec? 

-6ct  tc  + ! tip  F at  60,000  ft 

One  degree  error  genera+es  a conirol 
surface  rate  o:  45  deg/sec 
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The  actual ‘on  system  approach  is  presentee  in  the  functional  diagram  of 
Figure  50.  The  Interfaces  with  the  airciaft  filghT  control  system,  the 
servomotor,  redundancy  management  monitoring  and  fault  isolation  provisions, 
and  adaptive  control  inputs  are  shown.  The  design  rationale  and  character  I st i^s 
for  the  major  components  of  the  system  are  discussed  below. 

6.1.1  Brushless  Dc  Mour 

6. 1.1.1  General  Design  Character i st les 

The  normal  terque-speed  curve  of  the  rai  a-earth-cobal t servomotor  : a 
straight  line  from  no-load  to  stai I . As  the  applied  current  (voltage)  is 
varied,  a family  of  parallel  torque-speed  curves  Is  generated,  wit),  1ho  stall 
torque  and  no-load  speed  proportional  +e  the  appllea  current  and  voltage. 

Also,  for  a qiven  voltage,  the  motor  no-iuao  speed  can  be  adjusted  by  means  o' 
selecting  the  appropr I ate  number  of  coi’s  and  wire  size  in  the  stator  windings. 
This  flexibility  is  subject  to  certain  restrictions  related  to  practice!  wire 
sizes,  whole  number  of  coils  and  maximum  rotor  speed  limitations. 


Since  this  motor  will  be  used  in  a gear  reduction  actuator,  the  slope 
of  the  torque-speed  curve  at  the  actuator  output  c a.,  be  selected  as  a function 
of  the  motor  speed-gear  ra^io  combination.  (However , the  general  character i st i 
of  decreasing  speed  as  a iunction  of  load  s Inherent  in  the  direct-coupled 


» cm 


I IIUC(JCIIUCII 


. a A j,  i A Si  ^ 


c 


(a)  Thecreflcal  maximum  torque  that  can  be  obtained  for  a given  current 
is  determined  as  follows: 


T/A  (maximui  ) = / 1352  x voltage 


\no  load  speed  ( 


e \ i n 

rpm ) / 


inhere  the  dimensions  of  the  factor  1352  are: 


.-oz/amp 


i r,  ,-ozt-  rpm 
amp -voi t 


(b)  For  a given  voltage,  the  current  required  to  obtain  a given  torque, 
or  force,  at  the  output  shaft  is  directly  proportional  io  the  no-load 
speed  of  the  output  shaft. 

(c)  The  current  required  to  obtain  a given  iorque,  or  force,  at  the 
output  shaft  is  inversely  proportional  to  the  minimum  power  supply 
vc I t age . 


(d)  The  theoretical  maximum  efficiency  of  the  system  at  any  load  is  the 
percentage  of  the  output  shalt  loaded  speed  to  the  no-load  speed. 
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b . 1 .1  .2  Motor  Character i s r i cs 

For  the  problem  statement  given  above,  the  characteristics  of  the  servo- 
motor can  be  determined  as  discussed  in  the  following  paragraphs. 

6.1.1. 2. 1 Acceleration  of  the  Output 

For  a given  frequency  response,  an  approximate  acceleration  requirement 
can  be  obtained  from: 

0:0  V 2 TI  t 

n I 

# 1 

where  0 - output  acceleration  (rad/sec^> 

0n,  - no  load  velocity  (r ad/secl 

f » required  frequency  response  [Hz  (90  deg  phase  shift)] 

An  example  is  as  follows: 

Assume  0-i(  =00  deg/sec  = 1 .397  rad/sec 
f = 8 Hz 

0 = 1 .397  x (2tr  x 8)2 
= 70  rad^sec*- 

Based  upon  definition  of  amplitude  and  frequency  response  required,  the 
acceleration  is  as  follows. 

0 - A (2  Tit)  2 

where  A = amplitude  in  radians 


Examp  le: 

Assume  A = +K19  deg  = +0.0208  rad  (from  Reference  3) 
f = 8 Hz 


)hen 


0 = 0.0208  x (2tr  x 8)2 

= P3  rad/uec2 

The  latter  va*ue  is  used  as  an  approximation  and  will  be  evaluated  by  analoo 
computer  Simula:  on  of  the  servoloop. 
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Any  or  all  of  several  torque  requirements  may  be  specified.  These  Include: 

(a)  1^  * output  stal  I 

(b)  * output  torque  at  some  running  load 

(c)  T * output  torque  required  for  a load  present  durlng  the  evaluation 

of  the  acceleration  or  frequency  response 

(d)  A derived  torque  T|L  required  to  accelerate  the  load  Inertia: 


wh»re  I * load  Inertia  ( Ibf-ln  .-sec^) 

An  example  Is  as  follows: 

Assume  a load  inertia  = 46.6  Ipf-in.-sec* 

T = 53  rad/sec^  x 46.6  Ibt-in.-sec* 
a 2470  l bt- i n . 

If  the  maximum  power  output  required  is  not  given,  it  may  be  approximated 
as  tollows.  Use  the  larger  of: 

(a)  Assuming  a straight  line  torque  speed  curve  from  no  load  to  stall, 
the  peak  power  output  will  occur  at  one-halt  torque  and  one-halt 
speed. 

Po  (watts)  - T (ibf-in.)xG  . (rpm) 
s nj 

4k 

where  K = 84.5  (unit  conversion) 

Po  ( watts)  - Tr  ( I bt  - in  . ) x®r|  (rpm) 

where  0r|  = angular  velocity  under  running  load  In  rpm 

An  example  is  as  follows:  since  T is  not  specified,  use  1. 

T = 37.575  lbf-in. 
s 

G . - 80  deg/sec 
n i 

60 

Pn  = 37,575  x 360  x 2-  = 2 hp 
550  x 4 


\ 
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6. 1.1 -2. 2 Motor  Selection 


A tentative  .notor  selection  can  be  made  based  on  peak  horsepower 
requ  I remer.ts  • 


Power  level , hp 

Motor  diamter, 

In.  Motor  i ;r.qth,  in. 

0 to  1/8 

1 .1 

2.9 

1/8  to  1/2 

1 .5 

3.8 

1/2  to  3/4 

1 .75 

4.2 

3/4  to  1-1/2 

2.25 

5.2 

1-1/2  to  4 

4.0 

8.5 

Ceterm  1 not  ion  ot 

t motor  Jes : jn  w < 1 

1 on  th?  watt  losses  genera 

ted  and  the  duty  cycle.  Generated  losses  are  determined  Dy  analysis  of  the 
motor  performance  in  the  sec vosystem . An  example  would  be  to  use  a A-ln.-dia. 
motor  when  2-hp  output  is  required. 


6-1-1. 7.}  Performance  of  the  Motor  and  Geared  Actuator 


Motor  performance  is  defermined  based  upon  considerations  of  acceleration 
required  at  the  load,  maximum  load  rate,  and  actuator  gear  ratio.  These 
characteristics  must  be  accommodated  while  minimizing  the  current  supplied 
to  the  motor.  Section  4 presents  the  general  approach  to  motor/actuator  design. 
The  details  of  that  approach  are  presented  below  for  the  4-ln.-dia,  brush- 
less dc  motor.  The  example  Is  as  follows: 

Assume : 


T$  = 37,575  Ibt-in.  (stall) 
fr  = none  specified  (running) 

Tc  =0  (concurrent) 

Tj  = 2470  Ibt-in.  (inertia  loaa) 
G0  = 53  rad/sec ? 

1^  = 1.638  x 10  ^ i b * - i r . —sec*' 

Eft  = 0.9  (90  percent) 
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Then  T jq  Is  eaual  to  one  of  the  following: 

1 . 2 (T ,L  ♦ Tc)  " 4940 

2.  Ts  ■ 37,575 

3.  Tr  * not  specified 

tT0  * 37,375  (the  largest  of  the  above  values) 

G ■/  37.575  - 2470 \l /2 

\ 1 .638  k I0‘3  * 53  x 0.9  / 

G * 670 


This  Is  the  gear  ratio  that  satisfies  the  particular  condition  of  minimum 
current  required  to  meet  both  stall  torque  and  acceleration  torque  requirements. 
It  a lower  gear  ratio  Is  used,  additional  acceleration  capability  above  that 
required  In  this  example  would  be  obtained;  however,  additional  motor  torque 
(and  amplifier  current)  would  be  required  to  provide  the  required  stall  torque. 
It  a nigner  gear  ratio  is  usou,  a Sts!!  tc.-qy C Capability  above  that  required 
would  be  provided;  hcwever,  addtlonei  motor  torque  and  amplifier  current  would 
be  required  to  achieve  the  desired  acceleration. 

The  following  example  shows  how  to  determine  the  minimum  output  no-lcad 
speed.  For  the  motor  considered,  the  slope  of  the  torque  speed  curve  is: 


SLM  s 6.34  x !0'1  rad/sec/ I bf- in . 

ot  400  F maximum  motor  temperature.  This  is  the  change  in  speed  resultinq 
from  a change  in  torque  loading.  The  output  slope  Is: 

SL0  * SLW 

x Iff 


Using  previously  calculated  values,  an  example  is: 

1.62  x 10"°  rad/sec/ I bt-i  n . 


SLq  * 6-^4  x i G 


(670)  x 0.9 

The  minimum  output  no-load  speed  Is  the  largest  of: 


( a! 

The  spec 

(b) 

SL0  * TS 

( c ) 

e ♦ (s, 
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where  0r  Is  the  speed  required  at  the  running  load  requirement.  For 
example:  assume  that  the  spec  1 1 1 cat  Ion  requirement  of  80  deg/sec  is  used 
to  determine  the  acceleration  requirement. 


1 . Spec  value  * 80  deg/sec  * t .3 96  rad/sec 

2.  S,„  x T « 1.62  x 10*^  x 37.575  - 6.08  x 10~2  rad/sec 

LO  s 

3.  No  running  load  requirement  specified 
The  largest  of  I,  2 and  3 1st 

3)  6 * 80  deg/sec  m 1.396  rad/sec  ■ minimum  output  no-load  speed. 

To  determine  the  minimum  motor  no-load  speed, 

£>  , * 1 .396  rad/sec  x 670  * 935  rad/sec  * 8932  rpm 

MNL 

To  determine  the  minimum  motor  stal  I torque  required. 


T - T 
MS  TO 

G x Eft 

For  example,  using  previously  determined  values  for 


TrQ,  G and  Eft 


T 


MS 


37.575  lbf-ln. 

37frnT9 


■ 62  ..  3 I b f - i n . 

■ 997  ozt-ln. 


6. 1.1. 2. 4 Motor  Thermal  Characteristics 

In  general,  the  motors  are  capable  of  being  operated  at  average  current 
levels  considerably  above  values  thermally  acceptable  on  a continuous  basis. 
Since  the  motors  require  several  minutes  to  reach  a final  operating  temperature, 
the  motors  can  be  operated  at  their  maximum  current  capability  for  a short 
period,  pro/lding  the  average  current  over  a period  of  several  minutes  does 
not  exceed  tho  motor  thermal  capability.  A thermal  analysis  of  the  motor 
was  conducted.  The  results  are  shown  In  Figure  51. 

The  worst-case  condition  Is  for  the  motor  operating  at  stall  In  an 
environment  defined  for  a hot  day.  For  this  case,  the  motor  can  cper.-t®  at  a 
maximum  duty  cycle  of  62  percent.  Since  ground  operation  of  the  actuator 
will  likely  be  limited  to  duty  cycles  of  50  percent  or  less,  the  resulting 
maximum  motor  winding  temperature  will  be  315°F.  Table  23  presents  a summary 
of  the  loss  distribution  In  the  motor  as  a function  of  operating  condition. 
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figure  51.  Motor  Thermal  Analysis  Results 
TABLE  23 

brushless  oc  motor  electrical  losses 


Cond 1 1 1 on 

Component 

Loss, 

Stai led  (29  amp. 

Stator 

422 

current  1 Imit) 

Other 

42 

Tota  l 

464 

At  2-hp  output 

Stator  copper 

25 

(6.33  amp.  Figure  59) 

Stator  Iron 

134 

Bear  1 ngs 

1 1 

Stray 

16 

Total 

m 

At  3-hp  output 

Stator  copper 

50 

(9.26  amp.  Figure  59) 

Stator  Iron 

133 

Bear  I ngs 

1 1 

Stray 

23 

Total 

7T7 

At  4-hp  output 

Stator  copper 

84 

(12.23  amp.  Figure  59) 

Stator  Iron 

132 

Bear  1 ngs 

1 1 

Stray 

30 

Total 

757 
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6.1.2  Control ler 

A functional  block  diagram  of  tha  controller  using  a microprocessor 
is  shown  In  Figure  32.  The  high-voltage  rectifiers  and  filter  convert 
3-phase,  115/200  vac  to  280  vdc.  The  energy  storage  element  within  the  filter 
will  be  chosen  to  keep  the  ripple  amplitude  low  over  a three-to-one  Input 
frequency  range,  corresponding  to  the  expected  variation  from  the  permanent 
magnet  generator.  Monolithic  Darlington  transistors  such  as  the  TR*  SVT  60 ,j 
series  will  be  evaluated  for  use  In  the  commutation  circuit.  Optical  couplers 
are  used  for  circuit  Isolation  between  the  control  and  power  signal  ..os. 

The  choice  of  the  microprocessor  to  control  the  actuation  system  will  be 
made  by  considering  items  such  as  word  length,  power  requirements,  speod, 
cost,  and  architecture. 

The  prospect  1 ve  ml croprocessor  candidates  tor  this  application  Include 
the  M6800  by  Motorola;  8080  by  Intel.  990  by  Texas  Instruments,  and  IM6100 
by  Intersil.  Another  means  t Implementing  the  microprocessor  uses  micrologic 
chips  such  as  the  AMU2901  Into  a 4-blt  slice  microprogrammed  set.  Both 
microprocessor  Implementations  otter  extensive  software  processing  power 
and  a family  of  hardware  devices.  Including  prototype  development  packages. 
Because  of  the  computer-1  Ike  structure  of  the  microprocessor,  much  ot  the 
system  logic  and  monitoring  function  can  be  transformed  Into  software  (a 
computer  program)  stored  in  a storage  device.  The  storage  device  will  be  a 
programmable  read-only  memory  (PROM).  Since  the  PROM  Is  a non-volatile  memory, 
loss  of  power  will  not  offset  the  contents. 

Figure  53  shows  the  flow  chart  of  a program  that  can  perform  the  functions 
shown  In  Figure  52.  The  flow  chart  shows  how  the  processor  reacts  to  different 
Inputs  to  Implement  the  following  functions: 

Servo  loop  Control — Controls  the  output  to  minimize  error  . 

Rotor  Excitation  Sequencing — Excites  the  phases  of  the  dc  motor  according 
to  1 1 s character Tsf Ics^ 

Fault  Mon  I tor  I nq— Mon i tor  faults  or  errors  In  the  system  and  respond 
accord  I ngl y . 

Redundancy — Coordinal  Ion  between  channels. 

Torque  Contro I — A specific  torque  vs  speed  relationship  Is  included 
to  obtain  better  efficiency. 

Reqenerat ion — Regeneration  mode  Is  Incorporated  in  the  system  to  reduce 
power  consumption  and  Improve  system  response. 

The  advantage  of  using  the  stored  program  approach  is  that  little  or  no  hard- 
ware <*henqe  Is  require  J if  the  system  requirement  Is  changed  or  upoc  + nc; 
only  modification  of  software  is  necessary. 
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A nonrecurslve  dig:1  1 filter  mechanization  appllcab'e  for  a linear 
cont'-cl  system  is  shown  in  Figure  T 1 . Thu  curren)  limit  value  and  the 
comma.  Jed  position  will  be  input  quantities.  The  difference  between  the  armature 
current  and  commanded  current  is  ej  . Mechanization  of  1 ho  pulsewidth  mod'  ' at  ion 
(PWM)  generator  ‘s  shown  in  Figure  55.  The  output  of  the  PWM  generator  changes 
to  correct  'or  variations  in  the  input  dc  voltage  and  the  output  load  demand. 

The  position  sensor  coding  !s  illir-trated  in  Figure  56.  The  sequence 
controller  calculates  the  Ionic  in  accordance  with  Table  24.  Figure  57 
contuins  a description  of  ‘the  anal  og-to-d  i g i tal  convertor.  If  the  controller 
inputs  arc  digital  signals,  the  data  aHI  h < direct  inputs  to  the  microprocessor. 
A small  transformer-coup  1 ed  power  supply  will  be  used  to  generate  dc  voltages 
required  by  the  controller. 

6.2  PRELIMINARY  PERFORMANCE  SPEC  IF  I Cm  T I ON 
6 . 2 . ! Scope 

The  preliminary  performance  ’pec i f i cat  on  describes  the  general  charac- 
teristics of  a primary  flight  control  actuation  system.  The  system  is  a 
power-t y-w i re  and  fly-by-wire  design,  and  the  rotary  actuator  part  of  the 
system  serves  as  the  control  surface  hinge. 

6.2.2  Dercr jption 
6 .'‘.2 . 1 Function 


The  rotary  electromechanical  actuation  system  comprises  the  following 
elements,  as  shown  in  Figure  S3. 

Controller  (2  channel,  redundant) 

Two  mc'ors  with  integral  parking  brakes 

Rotar y hinge-line  type  geared  actuator  with  velocity  summing 
d i f f erent  i a I 

The  controller  ir.ertaces  with  control  surface  position  commands  from 
tne  aircraf*  automatic  fiighT  control  system.  The  digital  controller  provides 
power  to  the  servomo+or  by  pJsewidth  modulation  of  power  transistor  switches. 
The  motor  is  a brushless  dc  permanent  magn  1 rotor  design  directly  coupled 
to  the  conTrol  surface  through  stages  of  gearing.  Control  surface  position 
se^ci.iq  is  used  to  close  +he  servoloop.  The  control  lei  includes  built-in-test 
prov i s i ons . 

Ncmal  operation  requires  both  electric  motors  to  be  operating.  The 
actuator  gearing  incijdes  a velocity  sumiing  differential.  Either  motor  can 
operate  the  0'.*put  of  the  actuator  independent  of  the  other  electromechanical 
drive  channel.  Operation  on  a s i ny l e motor  result*  in  full  torque  capability 
and  one-half  rate  capability  at  < ate  limit. 
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Figure  54.  Nonrecursive  Digital  Filter 
Median  i i On  u i oy>~ air. 


Figure  55.  PWM  Generator  Functional 
Block  Diagram 


•>.  ’it. 
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TABLE  24 

SEQUENCER  CONTROLLER  TRUTH  TABLE 


Codes  A-* , A-,  C+,  B- , C',  C-  ere  transltor  switches 
Codes  a.  b,  c,  a*,  b'.  c'  are  shaft  position  states 


m 

m 

c 

a1 

b' 

BH 

A+ 

A- 

0+ 

3- 

C+ 

c- 

? 

o 

h* 

u 

■ 

i 

n 

m 

5 

mm 

l 

1 

i 

■■ 

i 

1 

1 

mm 

i 

1 

1 

*»■ 

i 

1 

1 

■■ 

l 

1 

i 

■ 

m 

c 

m 

b' 

C 1 

A+ 

A- 

9+ 

B- 

C+ 

c- 

u. 

I 

r- 

3: 

o 

■ 

i 

n 

1 

— 

- - 



i 

1 

' 

i „ 

mm 

1 

1 

1 

1 

i 

i 

1 

— 

i 

1 

i 

m 

- REF 
ANALOG  INPUT 


I CP 


DIGITAL 

DUTPUT 


OPERATING  SEQUENCE  l—  — — — — — — — 

1.  RESET  ENABLES  INTEGRATION  OF  ANALOG  DATA  INPUT. 

2.  WHEN  THE  COUNTER  OVERFLOWS,  INTEGRATION  OF  THE  REF  TAKES  PLACE. 

3.  THE  NUMBER  ACCUMULATED  BY  THE  CTR  OURING  THE  REF  INTEGRATION 
INTERVAL  REPRESENTS  THE  ANALOG  INPUT. 


figure  57.  Ana  I on  Input  Incoder  *Vct*an  i ?a  t i on  Pianrar 
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command 

IMf»UT(SI 


POWFR 

sumv 


POWER 

SUPPLY 


COMMAND ' 
INPUT  (SI  . 


CONTROLLER 


CONTROLLER 


BRAKE 


MOTOR 


UL* 


ACTUATOR 


i r 

| DIFFERENTIAL 


Li 


SUMMING  ^ GEARING 
OUTPUT 


MOTOR 


BRAKE 


transduce  risi 


Figure  58.  System  Model 


Electromagnetic  brakes  cue  included  on  each  drive  moTor  snafT.  The 
brakes  are  used  to  implement  the  redundancy  of  the  h I gh-ef f i clency  gearing 
In  the  dual  drive  channels.  A failed  electromechanical  drive  Is  held  station- 
ary by  the  brake  to  allow  the  operating  drive  assembly  to  position  the  control 
surface. 

b.2.2.2  Control ler 

A digital  microprocessor  will  be  used  as  the  central  component  jf  the 
brushless  dc  motor  controller.  As  shown  In  Figure  58,  the  control  is  the 
interface  between  the  motor,  the  command  input,  and  the  electrical  power  bus. 

The  controller  provides  a command  to  the  commutation  circuit,  which  provides 
power  to  the  proper  motor  stator  windings  based  on  sensed  rotor  shaft  posi- 
tion. The  ac  bus  Is  connected  to  the  windings  by  the  electronic  transistor 
scotches.  At  any  Instant,  two  switches  are  commanded  1 *>  conduct;  every  60 
deg,  one  switch  Is  turned  off  and  a now  one  Is  turned  on  to  obtain  the  required 
current  pattern  in  the  moTor  armature. 

Tne  speed  of  rotation  of  the  brushless  dc  motor  is  controlled  by  varying 
the  average  dc  voltage  supplied  to  the  motor  by  the  electronic  commutator. 
Pulsewldth  modulation  techniques  are  used  to  generate  the  required  average 
voltage.  The  major  characteristics  of  the  microprocessor  controller  are 
summarized  in  Table  25. 

The  controller  Is  programmed  to  provide  a fixed  current  limit  corresponding 
to  maximum  stall  requirements.  The  currant  limit  atso  may  be  programmed  as 
a function  of  time,  motor  speed,  or  other  independent  properties  useful  in 
defining  the  performance  characteristics  for  aircraft. 
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TABLE  2b 

CONTROLLER  CHARACTERISTICS 


Command  Input 

2-channel,  voltage  position  analog 

Adaptive  Inputs 

4 (maximum),  0 to  5 vdc 

Power  Input 

270  vdc 

Output 

265  vdc 

29  amp  current  limit  at  stall 

Weight 

5.25  lb  'flight  configuration! 

6 . 2 . 2 . 3 Motor 

The  motor  is  a permanent  magnet,  do,  brushless  type  comprising  a wound 
stator  and  r are-earth-coba I t permanent  magnet  rotor . The  motor  assembly 
also  will  include  separately  excited  dc  brake  and  shaft  position  sensor. 

The  position  sensor  detects  the  rotor  positlo  and  activates  the  electronic 

rAiwn.i'f  at'M*  Por  f rtrm  ifi/*o  r\  + -fhc*  m rs  + r\t~  I c r%rAC<m  + «s/i  ■ n rim.ro  T » a O £ 

• ...w  ...w  . — • f/.  ww  • ww  V > / • • uu  . A-V 

summarizes  the  significant  design  characteristics  of  the  motor  assembly. 

TABLE  26 


MOTOR  CHARACTERISTICS 


Rated  voltage 

265  vdc 

No-load  speed 

9200  rpm 

Torque  per  amp 

34  ozt-ln./amp 

Stator  resistance 

(68’F) 

0.33258  ohm 

Rotor  inertia 

1.638  x 10 Ibf-in.-sec^ 

Time  constants 

0.006  sec,  electrical 

0.016  sec,  mechanical 

Back  EMF 

26.7  v/1000  rpm 

Brake  voltage 

270  vdc 

Brake  torque 

75  Ibt-ln.  (min imum) 

Envelope 

See  SK71060 

Weight,  excluding 

brake 

13  lb 

I 

I 
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6.2.2 -4  Actuator 


The  actuator  Is  a rotory  hinge-line  device  that  serves  as  the  structural 
attachment  between  the  control  surface  and  the  wing  structure.  The  dual- 
redundant  electric  motors  are  mounted  on  the  actuator.  The  two  Input  shafts 
operate  Into  a velocity  summing  differential.  The  output  of  the  differential 
drives  Into  the  compound  planetary,  rotary  output  stage.  Spur  gearlr.g  Is 
used  throughout  the  assembly.  The  major  characteristics  of  the  assembly  are 
presented  In  Table  27. 


TABLE  27 

ACTUATOR  CHARACTERISTICS 


Stal 1 torque 

37. 

500  Ibf-in. 

Rate 

80 

deg/ sec 

L 1 te 

100 

,000  cycles 

Gear  ratio 

670 

: 1 

Gear  con < i gurat  ion 

(1  ' 

Input:  single-stage  planetary 

(2) 

Differential:  planetary 

(3) 

Output:  compound  planetary 

Spr 1 ng  rate 

3.75  x 10^  Ibt-ln./rad 

Envelope 

See 

SK71062 

Weight 

12. 

5 lb  (14.5  lb  Including  differential) 

6. 2. 2. 5 Electrical  Considerations 

The  system  will  operate  on  1 5/200-vac , 3-phase  power  and  will  have 
built-in  spike  and  short-c  I rcu  1 1 o+ection.  The  system  will  have  t) 1 T/se  I f-test 

cap  blllty.  In  the  event  of  e failme,  the  channel  will  automatical  I / shjv 
down  and  an  alternate  mode  of  operation  will  be  established.  System  sensitivity 
and  repeatability  will  not  be  affected  by  voltage  variations  as  cl  lowed  by 
Ml L-STD-704 . 

E'ectrical  and  lightning  protection  bonding  will  be  in  accordance  with 
Mll-B-5087.  System  warmup  time  will  not  exceed  5 sec.  The  controller  will 
utilize  solid-state  and  prlnted-circul t board  construct  ion  wherever  possible. 
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All  removable  units  and  tubassemh  I I es  will  be  interchangeable  between  systems 
and  keyed  tc  prevent  improper  Installation. 

6.2 .2.6  Mechanical  Consideration s 

The  mechanical  overload  safety  factor  tor  the  attach  fitting  and  gear 
housing  will  be  at  least  200  percent  and  up  to  a maximum  o t 600  percent. 

The  unit  shal I be  designed  with  weight,  reliability  and  mal ntal nab i I I ty  as 
primary  design  considerations.  The  unit  will  have  a minimum  operational 
life  expectancy  of  1000  hr  without  overhaul . Preventative  and  corrective 
maintenance  is  allowed.  The  actuator  backlash  will  be  limited  to  1/4  deg 
rotation  at  the  output,  with  the  motor  Input  shaft  held  rigid. 

6. 2. 2. 7 System  Considerations 

The  system  will  have  a static  tracking  error  between  the  control  surface 
command  and  the  control  surface  of  1/2  deg  maximum.  Provision  will  be  made  tor 
torque  limiting,  lhls  may  be  Implemented  by  computation  of  surface  position 
as  a function  of  Q (airspeed  and  altitude).  The  motor  actuator  assembly  may 
be  cooled  passively  by  heat  rejection  to  the  aircraft  structure.  The  local 
heat  rise  at  the  mounting  surface  will  not  exceed  ?TD‘i  . The  actuation  uystam 
will  have  a frequency  response  bandwidth  of  8 Hz. 

environmental 

The  design  of  the  actuation  system  and  components  will  be  based  upon 
the  environmental  testing  requirements  listed  below: 


En v i ronment 

Specl t icat ion 

Method 

Procedures 

Al t 1 tude 

MIL-S1D-810 

800.1 

- 

Temperature 

MH-3TU-8I0 

801  .1 
802.1 

1 1 
1 

Hum i d 1 ty 

Mll-STD-810 

80  7.1 

i 

5a 1 tspf  ay 

MIL -STD-81  0 

809.1 

- 

Sand  and  Dust 

MIL-STQ-dlO 

810.1 

- 

V Ibrat ion 

MIL-STD-8! 0 

814.2 

(category  b.2) 

Shock 

MIL-STD-610 

81b. 2 

1 F iq.  816.2-1 

EMIC 

MIL-STO-461 

- 

- 

Exp losi ve 
Aimosphere 

MIL-STD-461 

811.1 

1 

Pain 

MIL-SI J-461 

806.1 

l mod i t 1 ed ) 
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6-5  ANALOG  ANALYSIS 

Thu  dynamic  character  I st I cs  ot  the  actuator  closed  loop  were  generated 
using  an  analog  computer  simulation  ot  the  baseline  system.  A functional 
block  diagram  of  the  simulation  Is  presented  in  figure  6G.  The  block  diagram 
Includes  the  control  surface  and  Its  associated  hinge  moment  loading  curve; 
however,  the  response  characteristics  presented  below  are  for  the  actuator 
closed  loop  only  under  no-load  conditions. 

For  the  closed-loop  performance  data,  a position  feedback  servoloop 
with  a pu I se-wl dth-modu I eted  (PWM)  controller  Is  assumed.  The  PkM  controller 
converts  the  actuator-pos I tlon  to  command- Input -error  signal  Into  an  appro- 
priate motor  voltage  that  Is  limited  by  a preset  maximum  allowable  motor  current. 
This  type  ot  controller  provides  a linear'  relationship  between  the  position 
error  voltage  and  the  effective  voltage  applied  at  the  motor  terminals.  The 
gal  n or  the  control  I er  was  set  to  provide  an  actuator  rate  output  egulvalent  to 
a control  sufrece  rate  of  45  deg/ sec  for  a 1-deg  error  Input.  Values  ot  the 
motor  parameters  used  were  as  specified  for  the  baseline  motor  cont 1 gurat Ion , 

Because  of  the  large  electrical  time  constant  ralatlve  to  the  nonsatur ated 
mechanical  time  constant,  the  loop  damping  Is  very  light.  Some  form  of  phase 
compensation  Is  required  to  provide  the  proper  damping;  for  this  simulation, 
compensation  In  the  feedback  path  ■*<  ufM!’Sd.  The  frequency  response  uaia 
obtained  <ir«  presented  in  Figures  M and  64.  The  time  response  ot  the  loop 
Is  equivalent  to  an  effective  first  order  time  constant  of  approximately 
0.02  see. 


6.4  MOCKUP 

A wood  and  mete  I mockup  was  constructed  showing  the  general  arrangement 
ot  the  electromechar leal  rc.ary  actuator  installed  In  a simulated  wing  sp or 
Structure  and  control  surface.  Figure  6J  is  a photograph  of  the  unit.  The 
control  surface  Is  capable  of  being  1 oved  manually. 
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7.  PROGRAM  PLANS 


This  section  presents  tie  plan  for  design  tabr leal  Ion,  and  evaluation 
testinq  of  an  electromechanical  rotary  hinge-line  actuator.  The  program  plan 
Includes  a schedule  and  summary  description  of  the  tasks  required  for  develop- 
ment of  the  actuation  system.  The  preliminary  test  plan  Includes  brief  descrip- 
tions of  the  -ests  to  be  conducted,  the  required  facilities  and  supporting  test 
equipment,  and  the  expected  results  of  the  test. 

7.1  PROGRAM  PLAN 

The  objective  of  this  program  Is  to  design,  fabricate,  and  test  an  elec- 
tromechanlca1  flight  control  actuator.  The  program  Is  organized  Into  five 
tasks  covering  a 2.5-month  per  iod.  The  program  schedule  is  presented  In 
Figure  &4.  The  following  paragraphs  present  detailed  task  descriptions. 

7.1  .1  Task^  1 : Design 

The  objective  of  tris  task  Is  to  conduct  system  studies  to  provide  the 
component  designer  with  the  necessary  technical  inputs  for  detailed  component 
design  required  to  at  lain  component  and  system  performance  goals.  This 
includes  the  modeling  of  system  components  for  use  In  system  performance  pre- 
diction and  sizing  studies  and  the  preparation  of  detailed  problem  statements 
for  components.  Component  characteristics  determined  from  the  preliminary 
design  wl I ; bo  used.  Detailed  component  specifications,  design  sketches,  and 
configuration  layouts  will  be  prepared  and  purchased  components  and  potential 
vendors  'dent  I fled.  Component  characteristics  will  be  used  To  define  system 
configuration  and  establish  Interfaces;  these  will  Include  command  Input 
redundancy,  thermal  control,  mounting  details,  and  test  monitoring.  Initial 
coordination  and  resolution  of  interfaces  and  program  goals  will  be  accom- 
plished at  trie  program  klcko.  f meeting. 

System  dynamic  performance  will  be  defined  for  design  and  off-design 
operation;  also,  detailed  component  performance  requirements  » i I I be  defined. 
Design  documentation  will  be  prepared  to  support  manufacture  and  test  o the 
system,  define  technical  and  procurement  problem  areas,  and  develop  cost- 
effective  solutions.  Detail  sketches.  Installation  and  assembly  drawings, 
and  procurement  and  source  selection  documentation  will  result  from  this 
effort.  Design  documentation  and  drawings  will  bo  prepared  in  sufficient 
detail  for  development  manuTactur I ng  purposes  and  To  provide  an  accurate 
history  of  the  component/system  design. 

A system  performance  specification  will  be  prepared  to  complement  the 
design  drawings.  The  specification  will  describe  requirements  for  materials, 
finishes,  and  construction  that  are  compatible  with  current  airframe  standards 
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and  environmental  criteria.  System  eftec+i venoss  objectives.  Including 
reliability,  maintainability,  system  safety,  and  human  factors,  also  will  be 
estab I I shed. 

During  the  slxtn  program  month,  a design  review  will  be  held.  The  pur- 
pose of  the  review  will  be  to  assess  the  evolving  actuation  system  design  and 
to  establish  a design  record  of  the  actuation  system  to  be  fabricated.  Dur- 
ing this  review,  data  will  be  presented  to  show  that  the  design  satisfies  all 
aspects  of  performance  and  realistic  test  installation  features.  Approval  of 
the  design  will  allow  release  of  long-lead  items  for  procurement;  specifically, 
electronic  components  and  the  rare  earth  magnet  material  used  In  the  servomotor. 

7.1.2  Task  2:  Fabrication 


The  objective  of  this  task  Is  to  fabricate,  test,  and  assemble  the  com- 
ponents of  the  electromechanical  actuation  system.  Initiation  of  Task  2 wl I 1 
occur  In  the  eighth  program  month  after  release  of  the  design  drawings  from 
Task  1.  (Advanced  release  of  long-lead  Items  will  occur  In  the  sixth  program 
month.)  Procurement  of  materials  and  components  will  begin  with  long-lead 
items  in  a timely  and  cost-effective  manner  for  the  fabrication  phase.  The 
advance  release  of  parts  will  result  In  delivery  of  the  component  parts  i.i 
accordance  with  the  assembly  and  manufacturing  schedule  of  the  related  com- 
ponents. Outside  production  will  Include  procurement  of  the  samar 1 um-cobal t 
magnets  and  Installation  In  the  rotor  assembly. 

Fabrication  will  Include  component  parts  of  the  motors,  gearboxes,  and 
controllers.  As  fabrication  progresses,  the  assemblies  will  be  subjected  to 
manufacturing  tests  es  required.  Availability  of  assembled  components  arid 
scheduling  of  component  tests  are  planned  to  minimize  total  test  time  and 
maxlmi  e utilization  of  test  fixtures. 

As  each  major  system  element  Is  completed,  the  unit  will  be  checked 
cut.  This  component  checkout  will  demoF.strate  and  verily  component  capabil- 
ity and  compliance  with  the  stated  program  guals.  lest  plans  and  procedures 
developed  In  Task  3 and  the  components  and  test  equipment  fabricated  in 
Task  1 wl I I be  required  to  support  those  tests.  The  results  of  component 
tests  will  be  documented. 

7.1.3  task  3:  Test  Plan 


The  objective  of  this  task  Is  to  formulate  plans  for  development  tes+ 
of  the  actuation  concept.  Each  plan  will  list  the  tests  required,  test  con- 
ditions, parameters  to  be  measured,  test  equipment  and  facility  requirements. 
Instrumentation  (Including  calibration),  and  dala  and  report  requirements. 
Sufficient  procedu-al  deHnltion  will  bi  included  in  each  plan  to  permit 
approximation  of  program  schedule  status  and  expenditures.  The  plan  will 
be  available  for  review  and  appi  oval  In  the  eleventh  program  month. 
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7.1.4  Task  4;  Test 

The  objective  of  this  task  Is  to  tesi  and  evaluate  component  performance 
In  terms  of  the  specified  goals.  Completed  components  and  assemblies  will 
be  installed  In  fho  demonstration  test  fixtures.  Tne  actuation  system  assembly 
will  be  evaluated  to  (1)  assure  compatibility  with  related  components  and  test 
equipment,  (2)  show  that  the  system  functions  as  designed,  and  (3)  show  that 
the  actuation  system  i j ready  tor  performance  evaluation  testing.  The  design 
and  construction  of  certain  special  test  equipment  wl  I bn  necessary  to  support 
these  tests.  This  will  Include  test  fixtures,  load  fixtures,  and  test  panels. 

System  tests  wl 1 ' be  conducted  In  accordance  wlfli  the  approved  test  plan 
to  prove  component  compatibility  and  verify  system-level  performance  parametars. 
These  tests  will  be  designed  to  verify  analytical  rredictlons  for  comparison 
with  test  results  and  program  goals.  All  tests  may  be  witnessed;  approprlafa 
prior  notification  will  bo  given.  The  test  results  of  the  Individual  compo- 
nents ano  the  results  of  the  system-level  tesfs  will  be  analyzed.  Acceptance 
criteria  for  the  components  will  be  defined  based  upon  the  work  statemenl . 

Possible  design  modification  or  rework  of  some  components  may  be  required 
to  satsty  acceptance  criteria.  Recommendations  of  the  modi t Icat Ions  and 
design  Improvements  will  be  documented.  Analysis  of  the  test  results  will  be 
a significant  par  I of  the  final  report 

7.1.5  Task  5:  Data 

The  object : ve  of  '■'his  task  's  to  document  technical  and  program  results 
from  each  of  the  program  tasks  in  accordance  with  .he  schedule. 

7.2  PRELIMINARY  TEST  PLAN  FOR  ACTUATION  SYSTEM  ESMONSTRAl I ON 

Demonstration  testing  will  be  conducted  upon  a representative  configura- 
tion of  i he  electromechanical  actuation  system.  The  system  wl'l  be  Installed 
In  a laboratory  test  facility,  with  appropriate  structural  and  electrical 
interfaces  simulated.  Specifically,  the  structural  Interface,  thermal  manage- 
ment provisions,  and  control  interfaces  with  a typical  aircraft  will  be 
simulated  to  the  highest  practical  degree.  Controller  electronics  will  be 
deleted  from  this  simulation.  Electronics  will  be  breadboard  configuration. 
Testing  will  be  conducted  to  verify  the  comp. it  lb  I 1 Ity  of  the  installed  actua- 
tion system  with  the  simulated  structure,  actuator  assembly,  controller,  and 
multiple  control  signal  intertaces.  Tests  to  be  performed  will  prove  redun- 
dancy management;  capability  to  provide  adaptive  modification  of  selected 
parameters  In  the  controller  suen  as  variable  current  limit,  tem,  eratui  e 
limits,  servo  gain,  power  regeneration,  filter  bandwidth  a. id  sensitivity, 
and  variation  of  no-loaJ  rate.  Tests  also  will  be  conducted  at  bo+h  tho  com- 
ponent and  system  levels  to  evaluate  the  detail  performance  character  I st Ics 
cf  the  actuator/controller  components.  These  tests  will  Include: 

(a)  Duty  cycle  capability  performed  at  room  temperature  and  elevated 
temperature 
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lb)  Frequency  response  including  small  signal,  large  signal,  no-loo-, 
and  loaded 

(c)  Hysteresis  and  resolution 

(d)  EfflcUncv  and  power  factor 

(e)  Actuator  spring  rate/stiffness 

(f)  Weight 

Figure  65  presents  the  task  logic  for  +he  demonstration  fest  phase. 
Figures  66  through  67  present  Individual  test  briefs  for  the  proposed  demon- 
stration testing.  These  Identify  equipment  requirements,  facility  Interfaces, 
and  criteria  for  test  acceptance,  and  show  the  depth  of  data  to  be  collected. 
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APPENDIX  A 

F-!00  AIRCRAFT  CHARACTERISTICS 


This  appendix  describes  tho  F-iCO  aircraft  characteristics  of  significance 
to  the  control  surface  actuation  system.  These  data  were  supplied  by  North 
American  Rockwell,  Lo<=  Angeles  Aircraft  Division,  as  part  of  the  t3chnlcal 
support  perlormed  under  subcontract  to  A I Research. 

ACTUATION  SYSTEM  DESCRIPTION 

the  F-100  aileron  ana  horizontal  stabilizer  aerodynamic  control  surfaces 
arc-  normally  operated  by  two  independent  hydraulic  systems,  designated  the 
number  1 and  number  2 hydraulic  powe*  systems.  The  rudder  Is  actuated  by 
the  number  2 hydraulic  power  system,  and/or  a utility  (third)  hydraulic  power 
system.  Wing  flaps, speed  brake,  landing  gear,  wheel  brakes,  and  nose-wheel 
steering  all  operate  off  the  utility  system.  In  addition,  these  aircraft 
are  equipped  wirh  a ram-air  turbine  system  (RAT)  consisting  of  an  air-driven 
tjrblne  and  a constant-displacement  hydraulic  pump.  The  RAT  provides  an 
alternative  source  of  power  for  the  flight  control  system  In  the  event  that 
engine  speed  drops  below  40  percent.  A block  diagram  of  tne  system  is  shown 
I n F I gure  A *1 . 

The  ei ectrom-ichan i cai  actuation  system  approach  to  providing  the  required 
dual -redundant  drive  system  for  each  major  control  surface  Is  shown  In  Figure 
A-2.  This  redundancy  is  provided  by  the  following  system  elements. 

(a)  Two  elec+ric  al+ernators  on  the  main  propulsion  engine,  each  sized 
to  provide  full  electrical  demand  for  control  surface  actuation 

as  well  as  auxiliary  power  demands 

(b)  A RAT  to  provide  get-home  capability  for  the  flight  control 
surfaces  and  utility  equipment  actuation  in  the  event  of  an 
engl ne  fail ure 

CONTROL  SURFACE  CHARACTERISTICS 

Tne  hinge  moments  and  aerodynamic  loads  used  in  the  initial  Ueslgr,  phase 
of  the  F-100  D and  F aircraft  are  summarized  in  the  following  piragraphs. 

Tnese  data  nave  been  extracted  from  Rockwell  Report  NA55-402-1,  F - 1 OOP 
Hydraulic  Flight  Control  Design  Report.  The  :-100  aileron  system  shown  in 
figure  A-5  comprises-  a spMt  (two-segment,  aileron  oi,  each  wing.  The  two 
segments  are  tied  together  oy  a connecting  rod  and  are  operated  as  a single 
unit  by  a single  actuator  in  each  wing. 

The  design  requirement  fit  the  F-100  was  t,‘ 3t  the  aircraft  nave  a roll 
rate  of  160  deg/soc  at  Mar  1 at  10,000  ft.  This  occurs  with  an  aileron 
deflection  angle  of  11.2  jeg.  To  met t this  requirement,  a h'nge  moment 
of  131, 00J  ii.-lb  pnr  aileror.  Is  required.  To  establish  the  hinge  moment 
for  the  Inboaro  and  outboard  segments,  the  total  load  Is  considered  propor- 
tional to  the  are  a moment  for  each  al 'eron  segment  as  compared  to  the  area 
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Figure  A-1 . F-IOG  Hydraulic  Power  Distribution  System 


Figure  A-2.  Card i aate  E I ectr i ca I Power  Distribution  System 
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moment  tor  the  complete  aileron.  Thus,  at  the  design  limit  given  above,  the  | 

Mnge  i-ioment  tor  the  Inboard  aileron  Is  80,600  In.- lb  and  1l>e  outboard  Is  i 

51 ,4C0  In.-lb.  Figures  A-4  and  A-5  are  plols  of  hinge  moment  versus  aileron 

deflection  rates  and  aileron  deflection  for  a complete  aileron.  To  obtain  a 

value  for  the  Inboard  or  outboard  aileron  segment,  the  value  obtained  from 

Figures  A-4  and  A-5  must  bo  altered  by  ratios  of  61  percent  for  the  Inboa  d 

segmeriY  and  59  pet  cent  for  the  outboard  segment. 

To  prevent  excessive  structural  loads  on  the  aileron  system,  hinge 
moments  were  limited  to  a maximum  of  91,500  In.-lb  on  the  Inhoard  aileron 
segment  and  58,500  In.-lb  on  the  outboard  segment.  This  is  accomplished 
by  bypassing  hydraulic  pressure  through  pressure  relief  valving  in  the  existing 
hydraulic  system.  The  tota1  aileron  deflection  Is  + 15  dog. 

The  rudder  was  designed  to  produce  I deg  of  yaw  at  all  altitudes  end 
speeds  up  to  0.95  V^;  to  maintain  a maximum  of  3 deg  of  yaw  in  1-g  maximum 
rolls  ut  all  speeds  up  to  0.95  V0;  and  to  obtain  full  ruddei  deflection  at 
1.75  Vp  with  zero  yaw.  To  supporl  these  design  req..i  remen  Is , a maximum 
nlroe  moment  of  4300  it. .-lb  will  be  deviloped  Figures  A-6  and  A-7  are  plots 
of  rudder  hinge  moment  versus  rudder  deflecilon  and  rudder  deflection  rates. 

Table  A-1  summarizes  the  r*.tes  and  hlng-:  moment  data  'or  the  control  surfaces 
as  a function  of  aircraft  operating  mode. 

TAuLt  A-i 


SUMM'.RY  OF  SURFACE  DEFLECTION  RATES  AND  HINGE  MOw-.NTS 
Af  A FUNCTION  OF  FLIGHT  C0ND»T;0NS 


Operaring  Mode 

Sur  race 

Rate,  deg/sec 

Hinge  Moment, 
In.-lh 

Ma^l mum 

A 1 1 eron 

50 

0 

Stob i 1 ! zer 

20 

C 

Rudder 

50 

0 

Como at 

Al leron 

10 

132,000 

Steb 1 l 1 zer 

4 

^00,000 

Rudder 

l 

4300 

Cru 1 se 

A 1 1 con 

0.2 

60,000 

Stab  1 ' i zer 

0.25 

100,000 

Rudder 

0 

0 

Land i eg 

A i leron 

3.33 

10,000 

S+nbllizer 

5.0 

20,000 

Rudder 

i .0 

_ 

800 

l 
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CONTROL  SURFACE  OUIY  CYCLL 

Figures  A-8  through  A— 1 1 present  the  duty  cycle  tor  the  rudder  and  aileron 
control  surfaces  of  the  F-100.  These  data  Include  (!)  a presentation  of  total 
deflection  as  function  of  time  for  various  flight  conditions  and  (2)  an  example 
of  the  duly  cycle  experienced  during  an  emergency  descent  of  the  aircraft. 

CONTROL  INTERFACE 

The  electromechanical  actuator  system  Input  signals  can  be  categorized 
Into  the  following  areas:  (1)  failure  sensing,  (2)  system  feedback  control, 

(3)  basic  flight  controls,  and  (4)  aircraft  illght  envelope  control . For 
fa  I lure  sens Ing,  the  system  shall  be  capab I e of  mon I tor  I ng  the  essent I a I 
safe  operating  parameter,  provide  automatic  changeover  from  1 he  primary 
mode  of  operation  to  the  secondary,  and  alert  the  pilot  of  any  failures. 

The  essential  safe  operating  conditions  are  defined  by  the  following 

(a)  Max Imum  operat Ing  temperatures  (motor,  bearings,  stc.) 

(b)  Input/output  signal  anomalies  as  a function  of  angular  displacement 
and  1 1 me 

(c)  Control  system  electronics  hu i I t- 1 n-test  (RIT) 

For  the  system  feedback  control  category,  the  system  must  continually 
monitor  the  pilot's  Input  command  and  the  control  surface  position  signal 
and  generate  the  command  signal  to  the  control  surface  to  maintain  it  wl'hln 
the  I imits  establ ished  in  (b)  above.  Basic  flight  control  s I gna I s compr , sa 
the  f ol lowing: 

(a)  Tr i m — The  system  presently  installed  in  the  F-100  is  a mechanical 
system.  The  electrical  signal  from  the  trim  switch  repositions 
the  fixed  end  of  the  feel  bungee  through  a Jack  screw;  thus,  the 
control  stick  zero-force  position  and  the  surface  trim  position  are 
changed.  The  electrical  signal  generated  by  the  trim  switch  Is 

fed  directly  into  the  normal  inpul  signal. 

(b)  Damper — The  system  presently  in  the  F-100  aircraft  basically  senses 
angu I ar  accelerations  and  stick  position,  and  generates  an  opposing 
signal  into  the  appropriate  axis.  The  signal  operates  a hydraulic 
valve  to  admit  fluid  Into  the  surface  damper  actuator. 

(c)  Mach  Number  Sensitivity  (Gradient  Changer )--The  F-100  aircraft 

! s equ  I cpttd  w I th  a system  to  automat  teal  i y retrim  the  horizontal 
stabilizer  as  the  mach  number  i ncreases  above  0.85.  The  signal 
generated  by  the  mach  number  transducer  Is  fed  into  a jack-screw- 
operated  variable  link  In  the  stabilizer  trim  system. 

( d ) Pitch  Correct i on--The  F-100  aircraft  is  equipped  with  a system  to 
automatically  retrlm  the  horizontal  stabilizer  as  the  flaps  arc 
lowered. 
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por  the  aircraft  High*  envelope  control  category,  although  the  f -100 
is  not  equipped  with  autopilot  or  autoland  systems,  their  Inputs  are  also 
mechanically  summed  Into  the  fllqht  controls.  Hhen  fly-hy-wlr6  Is  Incorporated 
Into  an  aircraft,  all  basic  flight  '-ontroi  Input,  together  with  autopilot 
and  outoland,  can  be  summed  electrically.  By  an  electrical  summation  of 
systems,  Ihe  total  aircraft  weight  Is  decreased  while  the  versatility  Is 
Increased.  The  next  step  in  the  natural  progression  ot  events  Is  to  develop 
an  onboard  tllght  control  computer.  The  F-16  Is  the  first  production  aircraft 
to  Incorporate  a fly-by-wire  system.  The  f-TO  also  Incorporates  an  onboard 
computor.  The  F-lb  deviates  from  standard  aerodynamic  practices  In  that  it  Is 
designed  to  be  an  unstablo  aircraft,  thus  Increasing  its  maneuverability. 

The  flight  computer  provides  the  electrical  summing  of  all  of  the  required 
parameters,  and  also  monitors  the  critical  tllght  and  structural  parameters  and 
prevents  the  pilot  from  exceeding  the  aircraft  flight  envelope.  It  senses 
angle-ot-attock.  normal  acce I er at i on , etc.,  and  biases  the  pilots  input 
sign*!  such  that  the  command  signal  to  the  control  surface  wl I l not  o<  low 
the  aircraft  to  enter  an  over-g  or  stall  condition. 

In  addition,  two  areas  that  are  not  actuei  inputs  to  the  (light  control 
system  but  are  deslan  considerations  tor  the  actuation  subsystem  are  hinge 
moment  limiting  and  tall-safe  provisions.  For  hinqe  moment  limiting,  pro- 
visions should  09  made  in  the  actuating  system  to  prevent  the  aileron  hinge 
moment  from  exceed i ng  certa i n limits.  This  requirement  also  must  be  met  with 
the  e l ect  rrxnerhan  i co  i system.  f (,l  i-soi'u  piov!>!c»iS  ore  required  for  the 
tol lowing: 

(a)  In  the  event  of  total  power  failure,  the  control  surface  must 
return  to  a trail,  or  neutral,  position. 

(b)  The  e I ectr omuchan i cal  system  shall  ptovido  adequate  conti  o:  surface 
djmpinq  during  oper  ating  or  f a 1 I uro  modes . 

tNV IPONMLNT 

The  thermal  environment  dot  I r i t i on  pi  ov Ides  a major  parameter  lor  eloctr  ic 
servomotors  and  electronic  controllers.  Temperatures  that  can  exist  within 
the  3ileror.  and  rudder  actuator  compartments  are  given  below.  Those  tempera- 
tures result  from  aerodynamic  heating,  at.d  in  the  case  of  the  rudder,  convec- 
tion heating  from  the  aircraft  engine  is  included.  These  values  do  not 
account  tor  heat  that  may  be  generated  from  equipment  operating  In  those 
compartments.  At  present,  these  compartments  do  not  have  ary  heat  qenoratlnq 
units. 


A I I or  or 

Since  all  heat  in  the  ai'eron  actuator  comp yi  i men t s is  generated  by 
aerodynamic  heaHnq.  temperatures  at  typical  flight  conditions  are  as  follows: 


Cond I t i or 


Cr  u i sc 


Temperature,  °f 
SO 
1 10 


Combat 
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Sea  level,  mil  power  dash  175 

Sea  level,  afterburner  dash  15? 

Parked  In  sun  or.  Air  Korea  standard  hjt  day  160 

Pudder 

Tumperatures  zones  In  the  rudder  ar.j  a will  vary  considerably,  depending 
upon  their  proxlmltv  to  the  engine  compartmert.  Tie  maximum  expected 
temperatures  are  given  below  for  the  three  representative  zones  shown  In 
F ! guro  A—  1 2 . 

Zone  I—-! he  maximum  structure  temperature  along  the  rudder  hinge- 
~ line  Is  approximately  192lF. 

7ona  2 — The  ambient  air  In  this  zjne  (the  vicinity  of  the  existing 
” rudder  actuator')  will  have  a maximum  temperature  of  230'F. 

Zone  3-- The  maximum  temperature  In  zone  3 Is  3C0 ‘F  . This  Is  the  location 
at  mo  existing  hydraulic  actuator. 


The  mass  properties  of  the  aileron  and  'udder  on  the  F-lOO  aircraft  are 
summarized  b6lcw.  This  summary  Includes  the  weight,  confer  of  gravity,  and 
moment  of  Inertia  tor  the  Inboard  and  outboard  aileron  segments  anc'  the  rudder. 
The  values  given  in  Table  A-2  are  for  the  movable  surfaces  only,  ana  do  not 
Include  the  control  or  actuating  systems.  The  coordinate  system  for  the 
aileron  ond  rudde.  center  of  gravities  is  given  !n  Figures  A -13  and  A-14. 

TABLE  A-2 

CONTROL  SURFACE  MASS  PROPERTIES 


Weight,  lb 
36.01 


Surface 

I nboard 
ai  leron 

Outboard 
a I I eron 


j Rudder  48.12 | TWA*  = 1175  j 

POWER  DISTRIBUTION 

These  data  apply  1o  the  existing  F-100  electrical  power  system,  and  are 
Included  only  to  snow  that  the  power  system  could  handle  a single  elecio- 
mechanlcal  actuator  for  one  outboard  aileron  for  flight  test  eve  I -at  Ion  during 
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a subsequent  program  phase,  it  Is  clear  that  a.  alrcrafl  designed  tor 
electromechanical  actuation  systems  would  also  inc.ude  a completely  different 
power  sojrce  sized  for  the  ln*ended  use  ana  duty  cycle. 

I'rlmary  electrical  power  for  the  F 100  is  provided  by  a 200-amp,  2R-vdc 
generator  and  a 20-kva,  11 5/200 -v,  400  Hz  alternator.  In  lieu  of  MU  -STD-704, 
ihe  generoTing  systems  In  the  F-100  were  designed  to  meet  MIL-E-7894,  which 
allows  a frequency  variation  of  300  to  420  Hz  c*nd  a nominal  steody-s+ufe 
vcitjge  In  the  range  of  102  to  124,  with  o.i  18-v  variation.  However,  the 
syitems  I r<  the  F-100F  will  operate  a+  396  to  404  Hz  and  114  to  116  v steady- 
state  with  variations  and  transients  as  allowed  by  MIl--E-7894.  In  the  last 
several  years,  systnms  have  been  added  to  the  F-100  thal  were  desig.iGd  to 
MIL-STD-704.  As  each  installation  was  made,  tests  have  been  conducted  to 
ensure  that  the  qualify  of  the  power  provided  a+  the  system  input  was  within 
the  envelope  of  MIL-STD-704.  In  all  coses,  the  power  was  acceptable  and  no 
additional  filterina  or  conditioning  required.  The  electrical  louo  analysis 
for  the  F-100  I no  I cates  that  the  200  amp  dc  generator  is  running  at  a load 
of  8.8  to  12.6  kva  for  various  flight  conditions,  these  loads  are  represen- 
tative of  an  operational  aircraft  and  can  be  decreased  by  deactivating  certain 
syslems  that  will  not  be  reaulred  for  this  test  program. 

performance  CRITERIA  AND  TRADEOFFS 

No-Luad  Response 

The  position  closed- leap  response  of  the  F-100  surface  ser/oactuator 
is  equivalent  to  an  effective  first-order  time  constant  of  0.05  sec  (loop 
gain  cf  20  rad/s6C)  or  better.  (Corresponds  to  3.2  Hz  at  3 db  point.) 

For  Input  frequency  and  amplitude  combinations  resulting  in  an  actuator 
rate  of  1/100  or  the  design  no-load  maximum  rale,  the  effective  time  constant 
is  no  q.  eater  than  0.10  sec  (loop  gain  o.'  10  rad/sec).  These  apply  1o  the 
linear  operating  regimes  <i.e.,  non-rate  saturation).  The  servo/ ac+uator 
output  is  controllaDie  (repeatable)  within  0.2  percent  of  full  stroke. 

The  output  '-e  sol  ut  ion  kill  be  no  greater  tnar  0.05  percent  of  full  5tr>.e. 

Response  Under  Load 

The  F-100  aileron  ac+uator  time  constant  for  the  design  load  condition 
(reference  Figure  A-4 ) is  no  ,reater  •‘■han  0.21  sec.  For  rate  demands 
equivalent  to  1/100  of  the  maximum  no-load  rate,  the  time  constant  Is  r 
greater  than  0.40  sec.  There  "ates  apply  to  non-ra*e  saturated  commands. 

Air' raft  Performance 


A preliminary  analysis  of  da+a  developed  from  the  performance  curves 
and  oqual ions  for  the  Pratt  4 Whitney  J-57  engine  (installed  ir  the  F-100 
aircraft)  indicates  that  a sizable  sovinqs  in  horsepower  must  bf.  obtained 
by  the  electromechanical  system  before  a noticeable  change  in  aircrafT  per- 
‘ormance  or  range  will  be  realized.  For  each  10-hp  change  at  the  engine 
accessory  pad,  the  engine  thrust  will  change  0.00176  percent  and  the  specific 
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fuel  consumption  will  change  0.0066  Dsrcent.  The  enplno  thrust  Is  directly 
related  to  aircraft  performance  such  as  velocity  an*  rate  of  climb,  while 
the  aircraft  range  and  loiter  time  are  a function  of  the  engine  specific  fuel 
consumpt Ion. 

hydraulic  conirol  system  weight 

A preliminary  weight  survey  v .s  conducted  for  the  F-100  aircraft. 

Table  A-3  shows  the  weight  of  the  complete  hydraulic  primary  flight  conirol 
system  with  an  electromechanical  system  for  the  .-oil,  pitch  and  yaw  axis. 

The  flaps,  wheel  brakes,  nose  gear  sterling,  and  speed  brake  system  are  no* 
Inc  I uded. 


TABLE  A- 5 

K - 1 0OF  REVISED  FLIGHT  CONTROL  SYSTEM  DELETIONS 


Controls 

Weight,  lb 

Automatic  flight  control*. 

(43) 

Servos 

34 

P 1 i*nt)  i ng  and  fluid 

9 

Ai  1 eron  contro ! s 

(?43) 

Macnan :ca i 

28 

wydraul ic 

206 

AM  If  ic  i a 1 ft'*  1 

9 

Horizontal  tail  contro* l©r 

(224) 

Meehan  Ice  1 

49 

t lectr leal 

71 

Hydreui i c 

90 

Ar  t i f 1 c 1 a i foe  I 

64 

Rudder  control s 

(HO ) 

Mccnan 1 cai 

27 

Hydr  au 1 i C 

31 

Art  i f ic iai  feel 

14 

Vibration  damper 

8 

Rower  control  system 

(242) 

P imp 

31 

Acc  i ators 

41 

Pe  vO» r s 

24 

Valves,  filters,  etc. 

23 

P 1 ijnt)  1 ng 

68 

Fluid 

24 

Emergency  system 

31 

Str  ucf  ure 

(139) 

AI  1 eron  h 1 f.ces 

88 

RjddOr  hinges 

4 

Rat  door  and  miech . 

47 

Total  Deletions 

971 
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APPENDIX  B 

B-52  RUDDER  AND  ELtVATOR  CONTROL  SYSTEM 

The  rudder  and  elevator  actuation  system  comprises  three  major  assemblies: 

(1)  a rudder  actuator,  (2)  an  elevator  actuator,  and  (3)  a hydraulic  power 
supply.  The  characteristics  of  these  assemblies  are  described  below. 

ACTUATORS 

The  actuator  consists  of  a dual  tandem  hydraulic  cylinder.  Including 
Integral  Input  servomechanisms,  position  feedback,  and  summing  linkages.  The  J 

actuators  are  capable  of  operation  based  upon  either  mechanical  command 
inputs  or  electrical  command  inputs.  The  performance  characteristics  of  the 
two  actuators  are  presented  in  Table  B-1  . 

TABLE  B-1 

ACTUATOR  PERFORMANCE  CHARACTERISTICS 


Actuator 


Rudder 

Elevator 

Stroke  (Including  cross  arm) 

+19  deg 

+19  deg. 

Torque  (4.5  In.  arm) 
(4.0  In.  arm) 

12,000  in. -lb 

36,000  in. -lb 

Rate 

80  deg/sec 

80  dog/sec 

Wei ght 

52  lb 

57  lb 

Load  Inertia 

17,008  lb-in. 

17,894  1 b-1 n. 

St  1 f fness 

40,000  lb-in. 

50,000  Ib/in. 

Bandw 1 dth 

4 Hz 

4 Hz 

HTBF,  goal 

25C0  hr 

2500  hr 

input  command  (mechanical) 

2.7  I n.  1 nput 
g 1 ves  2.6  in- output 

3 1 n.  1 nput  g 1 ves 
2 .93  1 n.  output 

An  approximate  duty  cycle  is  obtained  from  the  cycling  endurance  tests 
for  the  actuators.  These  are  summarized  in  Table  B-2. 
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TABLE  B-2 

ACTUATOR  ENDURANCE  REQUIREMENTS 


Elevator  Actuator  (at  1 Hz) 

Input  command. 
In. 

Spring  rate, 
1 b/ 1 n , 

No.  of 
Cycles 

+0.157 

90C0 

400,000 

+ 0.392 

5000 

65,000 

+ 0.626 

5600 

24,000 

+ 1 .165 

5800 

5000 

1 .465 

5800 

1000 

Rudder  Actuator  (at  1 Hz) 

Input  Command, 
in. 

Spring  Rate, 
Ib/ln. 

NO.  of 
Cyc 1 es 

+ 0.138 

3700 

400,000 

+ 0.346 

24C0 

65.000 

_+  0.554 

2400 

29,000 

+ 1 .04 

2400 

5000 

+ 1 .3 

2400 

1000 

HYDRAULIC  POWER  SUPPLY 

The  hydraulic  power  supply  (HPS)  from  hydiaulic  power  to  the  rudder  and 
elevator  actuators.  The  HPS  provides  a total  ot  4-cjpm  flow  and  a cutott 
pressure  of  3000  psl.  The  hydraulic  pump  Is  driven  by  a 118/200-v,  3-phase 
400-Hz  direct-coupled  motor.  The  unit  also  Includes  a backstop  reservoir 
to  provide  peak  power  demand  to  the  actuators.  The  component  characteristics 
are  presented  In  Table  8-3. 


Component 

''haracteri  sties 

Value 

Motor  pump 

We  i n!>1 

35  lb 

Efficiency 

60  percent  minimum 

Duty  cycle 

4 gpm  for  2 r.in, 
2 gpm  rms 

Reserve 1 r 

* Maximum  current, 

operaf i ng 

30  amp/phase 

Welgnt 

23  lb 

Capac 1 ty 

490  cu  in. 
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APPENDIX  C 

F-15  RUDDER  CONTROL  SURFACE  ACTUATOR  PERFORMANCE 


The  F-15  rudder  |j:  controlled  by  a rotary  hydraulic  actuator.  The  acutator 
Is  located  on  the  hlnge-llne  of  the  conirol  surface.  The  major  characteristics 
of  the  actuator  are  presented  below. 


Output  torque 
Maximum  torque 


15,500  +250  In. -lb 

15,5L'0  in. -lb  (unit  will  smoothly 
back-drive  to  neutral  at  a minimum 
rate  of  15  deg/sec) 

137  +14  deg/s6c,  no-load 


Bandwidth 


3 Hz  mini  mum 


Weight 


23.4  lb  (dry) 


D i mens  ions 


6.4  by  3.5  by  16-7  in. 
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APPENDIX  D 

F-3  RUDDER  CONTROL  SURFACE  ACTUATOR  PERFORMANCE 


The  F-8  rudder  control  subsystem  Is  located  In  the  aft  section  of  the 
vertical  tall.  The  hydraulic  cylinder  has  two  tanaem  pistons  on  a single 
piston  rod.  Each  piston  Is  powered  from  a separate  hydraulic  power  supply  foi 
redundancy.  The  valves  are  mounted  In  a separate  assembly  and  connected  by 
a linkage  arrangement  that  provides  synchron fzat ton.  Feedback  Is  accomplished 
using  a scissor  type  mixing  linkage.  The  major  performance  character  I st I cs 
are  presented  below. 

Stroke  +17  dog 

Rate  80  deg/sec 

Hinge  moment  36,000  In.- lb 

Stiffness  0.66  x 10^  In.-lb/rad 
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APPENDIX  E 

tOROIOAl  DRIVE  ANAL YD  I J 


INTRODUCTION 

The  feasibility  of  using  a mechanical  servo  (variable  roller  drive)  In  a 
electromechanical  actuator  system  has  been  analysed.  The  complete  details  of 
ihe  analysis  are  presented  In  AlResoarch  Report  No.  76-12633.  This  appendix 
summarizes  the  analyses.  The  servo  system  Investigated  (see  Figure  E-I)  converts 
high-speed,  low-torque  Input  to  a low-speed,  high-torque  output  through  control 
and  output  rollers  of  a toroidal  servo.  Variable  gear  ratios  are  achieved  by- 
varying  the  angle  (<fic  ) of  the  control  roller  from  -30  to  +30  deg.  Other 
geometric  paramoters  affecting  servo  performance  such  as  radius  of  the  rollers, 
distance  of  The  rollors  from  the  rotational  axis  and  tilt  of  output  roller 
were  fixed  for  a configuration,  but  were  varied  during  the  analysis,  so  that 
key  parameters  were  included  without  c omp  I lest  I ng  In-depth  analysis  of  problem 
areas. 

The  Investigation  covered  the  following  areas,  which  are  summarized  In 
this  appendix. 

c K I nemaf I cs 

Gear  ratio 
Symmetry 
L I near  I ty 

• Radi!  of  curvature  at  rol ler  contacts 

• Hertz  stress  at  rol ler  contacts 

• Performance 

Force  and  +oraue  balance 
Preload  and  frictional  force 
Life 

Freauency  response 

• Synthesis 

For  illustration,  the  analysis  was  centered  on  an  example  with  the 
following  reau 1 rements : 

Envelope,  4.0  in.  dia. 

Output  torque,  T = 37,500  lb-in.  at  stall 


\ 
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Output  speed,  Nc  » 80  d8y/sec  at  no  iced 
Torque  characteristics  are  given  below; 


TOR;}  lie 


SPEED 

S-4V.S 


Life,  800G  hr 
Frequency  response 

t > 8 Hz  at  no  load 


KINEMATICS 

The  basic  parameters  are  the  roller  radius,  the  distance  the  rollers  are 
located  from  the  rotational  axis,  and  the  tilting  angle  of  the  rollers.  For 
convenience,  these  can  be  reduced  to  the  roller  parameter  X. 

Distance  of  roller  center  from  actuator  centerline 
X ' Roller  radius 

and  the  roller  tilting  angle  9. 

These  two  parameters  are  applicable  to  the  fixed  roller  ang  the  variable- 
angle  control  rollers. 

If  the  gear  ratio  is  defined  as  ,i, 

output  speed 
J = Input  speed 

1he>i  (See  F'gure  E-!  ) 


\ 


\ 


\ 


\ 


I4p 


i 

i 


i 
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I nt  oduc i ng 


A = 1/2 


in  q> 


j - 1/2  i i 


1 t 


V 

V ‘ 


v(  ’ 

Si 

V 

s i r i 9 

1 

1/x 

I- 

V 

l 

V* 


t 

J-  s,in» 

0,  * ' Jl L 

(v*)‘ 

sin<Pc 


l>^  4inVc 


J-JL-tlL*'- 

x ♦ s i n <t\ 

1 1 


X (n 

c - bin 

x ♦ 'jii  V 

c ^ 


The  functions  B,  and  Bc  are  structural  ly  identical.  Tl'e  gej> 


.it  i o : Is  then: 


j • A <B,  - B.) 

V»'  I a+ i ons  o:  function  A with  chancies  in  control  roller  t i 1 1 i no  annle 
are  Shown  In  Figure  E-2.  Variations  of  9..  <S(  is  fixed  for  this  analysis' 
are  shown  in  I iaur  es  E-5  through  E— 5. 

As  a check  of  the  eauations,  values  were  assigned  to  key  pa- alters  in 
the  system  shown  In  Figure  E-6. 
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_ sin^ 

x2  7 sin*7 


2.08333  - 0.50 
2.08333  + 0.50 


= 0.61290 


Results  are  shown  In  Table  E-1 


sin  fc 
[-1 


TABLE  E-l 
EXAMPLE  RESULTS 


C ' n .] 

Vr 

- s i 

’ i C 

+ sintfc 

l-l 

“c 

% 

2.50 

+0 .60000 

+0.00800 

2.00 

+1  .00000 

-0.24000 

i .50 

> • ^ 

▼1 .0000/ 

A C C T T J 
— \J  •KJJ.'J** 

For  any  control  servo.  It  Is  desirable  to  have  s linear  and  skew-symmetric 
curve,  as  shown  In  the  figure  below  which  shows  the  speed  versus  Input  conmiand 
relationship. 


OUTPUT  SPEED 


INPUT  COKnAND 


h~ 
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Gear  Ratio 


A study  of  gear  ratio  was  made 


where 


j 


I 


“e=  output  angular  velocity 
o = Input  angular  velocity 


The  study  shows  ther  linearity  and  skew-symmetry  can  be  achieved  at  specific 
parametric  values  only.  Figure  E-7,  plotted  for  gear  ratio  changes  of  +_3r  c ieo 
and  the  same  absolute  va'ue  of  speed  extremes,  shows  that  linearity  Improves 
with  Increasing  X value.  Figure  E-8  is  a plot  of  the  varialion  in  gear  ratio  j 
with  a full  360  deg  change  In  both  roi l&r  angles  and  with  X kept  constant . 


Linearity  and  Skew  Symmetry 


Linearity  and  skew  symmetry  analyses  were  made  for  the  servo.  The  problem 
reduces  to  determining  the  I r, flex  I on  points  on  the  curves  shown  on  Figure  E-8. 
At  Ihese  points,  the  second  derivative  of 


j = H 

U) 


given  by  d-2 


‘4> 


where  j = z = 1/2 


+ Sintf  Xf 

D 

X 

xf  Jl  f 


- sin  *f 


x - S i ri  «P 
C C 


+ s i n 


x + s i n <p 
C c 


In  the  derivative  xc,  xf  and  are  assumed  to  be  constants. 


Differentiating  gives  inflection  points  at  the  values  of  shown  below 


1 .0 

-68.0 

1 .5 

-58.3 

1 .5 

-121 .7 

3.0 

-34.163 

6.0 

-18.459 

I 63 
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RAO I US  OF  CURVA1URE 

Radius  of  curvature  of  tha  roller  and  the  toroid  must  be  known  to  deter- 
mine the  contact  stress.  Determining  the  two  principal  radii  of  curvature  for 
the  roller  Is  simple  because  It  Is  assumed  that  the  roller  has  a 55  percent 
conformity  to  the  toroid  (established  practice  in  ball  and  screw  applications). 
Conformity  geometry  Is  shown  In  Figure  E-9. 

One  of  the  principal  raoll  of  the  toroid  Is  similarly  straightforward; 

It  Is  Identical  with  the  ro1 ier  radius.  Tha  second  principal  radius  Is  deter- 
mined as  fol lows. 


55  PERCENT  CONFORMITY  (CUSTOMRY  WITH  BALL  SCREWS) 


WITH  55  PERCENT  CONFORMITY: 

yf  - C 5S  o - 0.55  (2R,)  ' • - >0  » 0.5091  vf 


Figure  E-9.  Conformity  Between  "toroid  and  Roller 


A cone  Is  titled  Into  the  toroid  so  that  the  cone  touches  the  toroid  at  the 
point  Yhere  it  Is  In  contact  with  the  roller.  The  radius  of  curvature  In 
quostlm  Is  taken  as  the  radius  of  curvature  of  the  conical  section,  which 
Is  In  the  plane  of  the  roller  (as  shown  In  Figure  E-10). 

For  fne  example,  approximately  six  roller  parameters  were  selected, 
assuming  a +20  deg  roller  tilting  angle.  The  selection  of  the  six  roller  para 
meters  is  shown  on  Figure  E- II.  The  variation  of  toroid  radius  of  curvature 
with  roller  tilting  angle  Is  shown  on  Figure  E-12. 
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Figure  L-12.  Variation  of  Toroid  Raoius  of 
Curvature  with  Tilting  Angle 
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HERTZ  STRESS  AT  ROLLER  CONTACTS 

Hertz  stress  was  calculated  tor  the  roller-toroid  contact  e-cas.  The  problem 
Is  the  most  general  case  of  Hertz  stress  (Roark,  Page  251,  Case  0)  wl.ore  ?wo 
bodies  are  In  contact,  the  two  principal  radius  of  curvature  are  known  tor  each 
body,  and  the  resoectlve  orientation  0 of  the  minimum  radius  cf  curvature  also 
Is  given.  It  Is  applied  to  rhe  roller  contact  as  shown  In  Figure  E-1J.  The 
calculated  unit  Hertz  stresses  are  plotted  in  Figure  E-U. 


i ' 


Figure  E — 1 3 . Methodology  in  Calculating  Roller  Contact  Areas 


Roai  k , Raymond  J . , Formulas  tor  Stress  and  Strain,  Fourth  t Jit  ion,  McGraw 
Hill.  New  York , 1965,  p.  251  . 
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f'tRF  ORMANCt 

T o calculate  per t orr..ance , a force  balance  was  treked  throjuh  (tie  d>  ■ ve 
■rain  and  i ho  ref.tilvs  wet  e checked  against  the  kinematic  c a I cu  ! at  ions . For 
the  co  I Cii  let  ions,  the  pe  formance  volume  presented  a.r  i ier  vere  used. 

Figure  E - 1 b shows  the  force  balance  on  the  system  fron  output  to  input, 
from  which  basic  fores  ba!?:ice  sanations  may  be  written; 

Output  torque  AVe 

F ixed  >"o l let  L'V  = A/7 

Cylindrical  toroid  OY  Ot ^ - 0 

Reaction  at  the  control  roller  0 3 2C 
input  shaft  BY^  C\,  + Ti  = 0 


Comb i n 1 nq  these  eouat:ons  nives  the  ratio: 


Ti 

Tv5 

i 

T\ 

><  1 

wh  i ch 

Ti  - 

0 i 

1 w 

and 

V. 

Y/ 

>tv>a 

Tn«  derived  cOuations  were  used  lo  calculate  — * ■ Ciouie  C-6)  for  com  par  i so -i 

xith  these  calculated  at  the  sane  conditions  using  the  derived  kinematic 
equations.  From  Figure  F-b, 


\ --  in. 

tj  - 1,9  in, 
\ - 5.1  in. 
' 2.0  in  . 


Results  a t*  tabulated  in  tapir  f-?. 


\ 


i o 1 
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P-eload  and  Frictional  Fcrce 

Sufficient  frictional  force  Is  necessary  to  prevent  sliding  at  fne  point 
of  roiier-toroi  t contact.  Calculations  were  made  to  determine  the  preload 
reauircd  to  develop  the  necessary  frictional  force  and  to  establish  the 
relaxation  between  th<s  force  and  ti>e  required  output  torque,  as  shown  In 
the  for <.e  diagram  ot  the  fixed  roller. 

The  tangential  force  at  S,  B Is 

e » a/2  - Ja 


A ■ tangential  force  at  e 
Tst  - stall  torce,  37,‘>0d  lb 

ri  - Number  of  < ui  ier  s 
Y 

e = Distance  of  £ from  rotating  axis 
The  force  required  to  prevent  sllpplny  Is 
U = B/U 

where*  = coefficient  of  friction 

= 0.08  app'oximito  mean  value  of  coefficients  with  a Hertv  '•tress 
of  400,000  r ; i and  a modesi  ( < 1 i n ./'sec ) sliding 
anj  the  required  preload 
P,  - n Q cos  9, 
wnere  =20  deg 

Combining,  substituting,  and  applying  a 20  percent  margin  to  the  selected 
con f i gu.  at  ion, 

\ = 1 . 28  i n . 


76i*288 


= 206,475  lb 


Life  Determination 


For  the  life  uetermi  iat  ion,  the  conf  i j'Tufio.c  se leered  was  defines  more 
fully  as  shown  in  Figure  E-16,  which  defines  the  Hnemaiics,  anr  Figure  fc-17, 
wt.i^ti  shows  the  physical  dime-r-ions.  Verification  of  the  oesign  parameters 
with  this  example  is  s^owi,  in  Table  E-3. 
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Since  the  numner  ot  Hertz  stress  eye  es  Is  related  10  the  operating  time, 
calculations  were  made  to  determine  the  nuf.her  ot  cycles  Incident  to  the 
8000-hr  life.  Hertz  cycles  were  defsrmltied  using  the  selected  system  yetvne+ry 
as  o basis  and  tne  di*s'gn  verification  parameters  In  Table  E-3;  tn*.  time  Tor  one 
roller  revolution  ( 1 . 2 1 931  sec  and  800  deg/sec  Input)  was  used  to  calculate  the 
number  of  contacts  (2  per  revolution)  for  the  PQQO-hr  life,  or  47.24  x 10° 
contacts.  Similarly,  the  nu^oer  ot  contacts  tor  the  disk  In  contact  with  the 
output  roller  was  computed  to  be  127.096  X 10  contacts  ter  8000  hr.  plot 
of  a1 lowabie  contact  stress  against  bearing  life  for  angu!cr  contact  bearings 
Is  shown  'n  Figure  1-18. 


Frequency  Response 


Frequency  response  for  the  system  was  determined  as  a function  of  the 
Inserted  gear  ratio.  Requirements  for  frequency  response  at  no  load  was  + 1 
deg  sinusoidal  motion  at  f * 8 Hz.  (or  purposes  of  calculating  the  mass  ~ 
moment  of  Inertia,  the  roller  drive  was  considered  to  be  equivalent  to  a 
cylindrical  steel  cylinder  ot  3.5  In.  die  end  3.5  In,  length,  fret  which 
Vri 

6 = Ps  2 

from  which  0 * 0.0495  lb- in.  sec 
i = 0.0745  rad 
f « 6 Hz 

- 50.265  rad/sec 
T d i I ) = 37,500  ID 
from  equations  for  sinusoidal 


displacement  cp-s'sln  uit 

^peed  <p  * u)  cp0  cos  « t 

• • 2 

acce'eratlon  vp  = id  vq  sm  u>t 

The  maximum  value  of  acceleration  required  Is  given  by 
c = <u2  cpQ 

but  t ho  available  acceleration  is  given  by 

= Lft  (' ) 

0 


e ( I ) 
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Values  of  torque,  maximum  acceleration,  sinusoidal  amplitude,  and 
frequencies  for  various  gear  ratios  are  given  In  Tebie  E~4. 


TABLE  E-4 

FREQUENCY  RESPONSE  FOR  SELECTED  SYSTEM 


Gear 
Ratio  1, 

[-3 

Maxi  mum 
Output 
Torque  Tg, 
[lb-in. j 

Maxi  mum 
Aval  1 ab 1 e 
Acce  1 erat  lone, 
rad 
sec^ 

Amp  1 1 tude  of 
S ! nusol da  1 
Motion  for  1 deg 
at  pane  1 , <P0 

r.radj 

Frequency, 

h! 

1 

37,500 

757,570 

0.01745 

1048.6 

*> 

4 

18,750 

378,780 

0.03491 

524.3 

4 

9375 

189.390 

0.06981 

262.1 

8 

468  7 

94,690 

0.13963 

131.1 

It 

2344 

47,350 

0.27525 

65.5 

3? 

1 1 72 

23,670 

0.55851 

32.8 

64 

586 

It .637 

1 .1 1701 

16.4 

128 

293 

5918 

2.23402 

8.19 

25o 

140.5 

2959 

4.46804 

4.10 

512 

73.24 

1479 

6.93O05 

2.05 

1024 

36.62 

7 39 

17,87219 

1 .02 

1046 

18.31 

370 

35.74434 

0.51? 

SYNTHESIS 

Results  of  the  analysis  show  i hat  a variable  roller  drive  Ir.  the  given 
envelope  will  n.eet  the  specified  preload,  life,  frequency  response,  and  Input 
speed  requ I reman ts  within  a limited  range  of  gear  r rt I os , ' 1 8 i I & 1 32,  on  h . 
However,  the  concept  warrants  further  verification  by  actual  hardware  design 
and  tes+.  The  results  are  tabulated  as  a function  of  gear  ratio  in  Table  E-5 
and  Figure  E-19.  Limitations  In  gear  ratio  are  defined  below  and  in  Figure 
£-19. 
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Because  the  practical  llnit  of  axial  preload  is  about 
10,000  lb  In  the  given  envelope,  and  I <20.8  would 
require  preload  in  excess  ot  10,000  lb. 

Oecai'se  the  highest  practical  input  speed  is  24,000  rpm 
(2-pole,  400-H*  system)  and  higher  gear  ratio  1 would 
require  higher  Input  speed  than  24,000  rp.n. 

Because  the  obtainable  life  Is  less  ti-an  8000  hr  It  I <118 

Because  at  higher  I,  the  t * H Hz  frequency  response  cannot 
be  satisfied. 


I 


